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Abstract 
An optical system based on a polarimetric sensor has been successfully used to 
detect initial damage in the form of matrix cracks in a model GFRP laminate. A 
model material system has been used for this work, consisting of a transparent E- 
glass/epoxy laminate, with a fibre optical sensor incorporated in the 00 ply 
parallel to the reinforcement fibres. This configuration was chosen because the 
use of transparent laminates allowed measurements of the formation of matrix 
cracking easily to be made for direct comparison with the fibre optical output. 
An important issue in the design of such embedded sensor systems is whether or 
not the embedded sensor degrades the properties of the composites. To answer 
this question, the effect of the presence of optical fibres was investigated 
theoretically using finite element modelling. A design curve was developed 
which shows the optimum combinations of coating thicknesses and Young's 
moduli for minimum obtrusivity of the sensor. Experimentally, it was found that 
only for the case of fatigue loading with low peak cyclic loads was there a 
measurable effect of the presence of the optical fibre sensor on crack 
development. In this case, the fatigue crack growth rate of the matrix cracks was 
significantly reduced in the vicinity of the optical fibre. This effect was more 
pronounced for sensors closer to the 0/90 interface. 
Tests on unidirectional laminates with an active embedded polarimetric sensor 
enabled the coefficients needed to characterise the sensitivity of the sensor 
fabricated using Hi-Bi PANDA fibre to be determined. Subsequently, the 
longitudinal sensitivity of the sensor embedded in a crossply laminate was 
measured under quasi-static loading which was in good agreement with the 
sensitivity predicted using the phase-strain model and the results from the 
unidirectional composite. In particular, it has been shown that the anisotropy of 
the crossply laminate has a large effect on the sensitivity of such a sensor. 
Finally, it has been shown that damage in the form of matrix cracking could be 
detected in the crossply laminate using the polarimetric sensor under both quasi- 
static and fatigue loading. Such a system could form the 
basis of a low-cost, 
real- time crack detection system. 
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Chapter 1 
Chapter 1. INTRODUCTION 
Fibre optic technology has been developed since late 1970s, but the few components 
were available at that time and they were very expensive. By 1990s as a result of the 
achievements in the telecommunication industry and emerging optoelectronic 
industry not only the number of low-cost components increased but their quality and 
performance increased dramatically and fibre optic sensors began to enter the 
market. These sensors offer a series of advantages due to their small size and 
weight, electrical isolation and immunity to electromagnetic interference, 
environmental ruggedness, and high multiplexing potential. Hence, such sensors 
have potential applications in many areas, for example, in environments with 
significant electro-magnetic activity, in explosive environments where electrical 
sparks are intolerable or in high temperature surroundings. This is a versatile 
technology, and the variety of sensors based on fibre optics now includes rotation 
and vibration sensors, accelerometers, smoke detectors, linear and angular position 
sensors, and strain temperature and electromagnetic field sensors. A comprehensive 
discussion of fibre optic sensor technology can be found in Dakin (1988,1989) and 
Udd (1995). It is still a new technology, with much research yet to be done. 
This work focuses on using a fibre optic sensor to detect damage in a simple 
composite `structure' (a plain composite coupon). It is widely recognised that fibre 
optic sensor (FOS) technology offers great potential for applications in composite 
materials by means of accurately monitoring internal changes by non-destructive 
techniques. Damage detection is crucial for safety and reliability of composite 
materials and it is of a great importance for industries such as aerospace, marine, and 
civil engineering. There is thus a demand for robust, simple, cost effective and 
damage-specific sensors for applications in composite structures. 
However, there are two important issues in the design of structures with fibre optic 
sensors which need to be addressed. Firstly, the effect of the presence of the optical 
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fibres on the properties of the host structure need to be considered. Secondly, due to 
the complex nature of the output signals produced by embedded fibre optic sensors, 
the interpretation of the data to obtain reliable information about the structure is a 
challenging task. 
The aim of this project is to investigate the use of a fibre optic sensor (a polarimetric 
sensor) to detect initial cracking damage in a simple composite laminates under load. 
The project is an interdisciplinary study involving finite element analysis, composite 
fabrication, damage observation and interpretation, and the construction and use of a 
fibre optic sensor embedded in a composite material. 
2 
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Chapter 2. LITERATURE REVIEW 
This chapter will give the background of previous work on fibre optic sensors in 
composite materials, particularly on damage and its detection. It will focus on 
three major areas: (a) the effect of an optic fibre inclusion on the structural 
integrity of composite materials; (b) cracking in a crossply composite laminates 
with and without an optic fibre; and (c) detection of different types of damage in 
composite materials using fibre optic sensors. Each of these areas is a large field 
in itself and it is the intention of this review to provide the reader with an 
overview of topics which are particularly relevant: theoretical details will be 
covered in the following chapter, Chapter 3. 
2.1 Introduction 
The use of a fibre optic sensor (FOS) with composite materials has been a subject 
of much interest since it became apparent that such a technique is a great 
advantage for monitoring structures which cannot be accessed easily using 
conventional methods. Ideally, an optic sensor should not degrade the 
performance of the composite material. Any degradation is related to the 
`obtrusivity' of the sensor, where obtrusivity refers to the mechanical interactions 
between the fibre and the host material which lead to stress concentrations 
around the fibre. Theoretical analyses of the obtrusivity of fibre optic sensors in 
unidirectional composites have taken as their starting point the closed-form 
elasticity solutions that are available for an elastic inclusion within an isotropic 
host material and extended them for embedded optic fibres. This approach will 
be discussed in section 2.2. 
As the aim of this project is to detect damage onset in crossply composite 
laminates, damage in such laminates will be discussed subsequently (section 
3 
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2.3). Under loading the predominant mechanism in the initial stage of 
mechanical degradation in laminated composite materials is the formation and 
growth of intralaminar cracks. From the design point of view this matrix 
cracking is important because it is the first type of damage to occur. Such cracks 
cause changes in the mechanical properties of the laminate and if leakage is 
crucial (e. g. for pressure vessels) the presence of the first crack leads to structural 
failure. Matrix cracking can also promote delamination and longitudinal splitting 
in 0° plies. Cracking in crossply laminates under quasi-static and fatigue loading 
is well documented and the literature concerning damage is very extensive. In 
section 2.3, crack initiation and propagation, and individual crack growth under 
fatigue loading, will be reviewed and available experimental results for 
composites with embedded optic fibres will be presented. 
Finally, in section 2.4, the use of fibre optic sensors in composite materials will 
be addressed. A brief overview of the methodology of strain sensing, which is 
important for the interpretation of the optical sensor output in this work, will be 
given without considering specific sensor configurations. Damage detection will 
be covered in more detail in section 2.4.2. 
2.2 Obtrusivity of embedded fibre optic sensors 
One of the reasons that the use of FOS for composite materials has become an 
active technical field is the geometrical similarity between optical fibres and the 
fibres commonly used to reinforce many advanced composite materials. 
However, optical fibres are foreign entities for the host material and therefore 
will always alter the stress and strain in the vicinity of the embedded sensor. 
This is a result of the material and geometric discontinuities introduced by the 
embedded FOS. The tools available to explore the mechanical interactions 
between sensors and composite host include experimental, analytical and 
numerical stress analysis techniques that are not unique to the problem of an 
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embedded FOS. These techniques were developed for reinforcing fibres in fibre- 
reinforced laminated composites and have been adapted approprietely. 
The classic example of a plate with a hole can be used to illustrate the point that 
simple alterations in geometric configurations can lead to significant changes in 
stress and strain distributions (see Figure 2.1). For a circular hole in an infinite 
plate the stress just adjacent to the hole is three times the far-field stress in the 
plate (i. e. the stress concentration factor derived from the theory of elasticity is 
3). If the hole is filled with some material other than the plate material, the stress 
and strain distributions around the hole will still be nonuniform for the loaded 
plate and different from the plate with a hole. The filled material is an elastic 
inclusion. This example is important for the problem of an embedded FOS 
because the optical fibres are cylindrical elastic inclusions and therefore behave 
in a similar manner. Experimental results on the induced stress concentrations 
are usually provided by moire-interferometric studies which confirm the 
existence of stress concentrations around embedded FOS (for example, Ozarnek 
et al, 1989). 
Closed-form analytical solutions of such stress fields around inclusions have 
been well developed and widely used in the micro-analysis of fibre reinforced 
composite systems (eg. Savin, 1961; Lekhnitskii, 1968). In later work, a 
reinforcing fibre and surrounding matrix have been modelled as concentric 
cylinders for perfectly bonded and uncoated fibre (Christensen 1979; Pagano et al, 
1988). The approach has been adapted to the problem of an embedded FOS 
where the core, cladding and coating are represented as different phases (for 
example, Benveniste et al, 1978; Carman and Reifsnider, 1993; Sirkis and 
Dasgupta, 1993). The analysis provides a complete solution for the displacement 
field and leads to the exact strain and stress solutions at each point of the model 
under elastic, small displacement assumptions; the composite and sensor are 
treated as homogeneous and transversely isotropic. 
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All of these stress analysis techniques yield the same important finding: the 
strain in the optical fibre core is different from the far-field strain of the 
composite material. The relationship between composite strain and sensor strain 
must be determined to make accurate measurements with a FOS and this problem 
will be discussed in section 2.4.1. 
Another important result of the stress analyses is that in the vicinity of the FOS, 
the stress and strain concentrations can be varied by a choice of optical fibre 
coatings (Carman et al, 1993; Dasgupta et al, 1992). The coating is used to 
protect the optical fibre, which is made of amorphous quartz, and there are many 
standard coatings offered by optical fibre manufacturers. The stress analyses 
illustrate that the coating design has a significant influence on the stress fields in 
the vicinity of the FOS and the possibility of varying the coating provides an 
additional degree of freedom in the design process. 
There is a simple way to visualise the effect of the coating properties on the local 
stress fields. First consider an extremely stiff coating, with the stiffness of the 
coating much greater than the host matrix. Under transverse loading the largest 
stresses occur in the matrix material in the loading direction i. e. at 0=0° (Figure 
2.1). Such a situation is analogous to a circular rigid inclusion in a homogeneous 
material subjected to transverse loading. For the second case, we can consider a 
very compliant coating where the stiffness of the coating is much less than the 
host material; when transverse load is applied, large hoop stresses are generated 
at 0=90°. This latter example is analogous to a plate with a hole. Varying the 
stiffness of the coating from very stiff to compliant thus changes the maximum 
stress from being the radial stress at 0=0° to the hoop stress at 0=90°. It is 
reasonable to expect that there is a stiffness value between these two extremes 
which is optimal because it balances these competing physical effects. 
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Summarising this work, with respect to both structural fibres and fibre optic 
sensors, it is clear that it is possible to reduce the stress concentrations around a 
fibre, and hence to minimise the obtrusivity, by a careful choice of coating 
properties and thickness. An example of design curves for a fibre optic sensor 
embedded in transversely isotropic material is shown in Figure 2.2. The curves 
produced by Carman and Reifsnider (1993), shown in Figure 2.2, depict a 
relationship between optimum coating Young's modulus and overall sensor 
radius (i. e. r1 which is the radius of the optical fibre, plus the thickness of the 
coating). The ordinate represents the optimum coating modulus normalised by 
the Young's modulus of the host, while the abscissa represents the overall sensor 
radius normalised to the fibre radius, r f. Ef and E' are the Young's moduli of the 
optical fibre and coating, respectively and Eh22 is the Young's modulus of the 
host material, which is the Young's modulus of the composite in the direction 
perpendicular to the reinforcing fibres. The contours are lines of the optimum 
combination of different thicknesses and material parameters of the coating 
normalised by that of the composite which minimise the obtrusivity of the 
embedded sensor. 
Different optimisation criteria for optical fibre coatings have been used. 
Examples include maximising the load transfer capability from the composite 
material to the optical fibre or minimising the stress and strain concentrations 
(obtrusivity) due to the embedded FOS. In the case of minimising the 
obtrusivity, it is not possible to minimise simultaneously the effect on all stress 
components due to the competitive nature of the stress fields (Sirkis and 
Dasgupta 1990,1992). 
A number of studies have investigated obtrusivity experimentally. It has been 
reported, for example, that for a fibre optic sensor embedded in a unidirectional 
composite, the axial strength of the structure is not appreciably affected (eg. 
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Glossop, 1990). On the other hand, when such a unidirectional composite 
material is loaded in the transverse direction, the transverse strength can be 
reduced substantially due to the presence of the fibre (Roberts and Davidson, 
1992). These results agree with the theoretical modelling of Sirkis (1995). 
Therefore, if all the potential optimisation criteria cannot be satisfied, coatings 
that minimise stresses under the loading in transverse direction may be preferred, 
since this is the most sensitive stress component with regard to the effect of the 
optical fibre. 
2.3 Matrix cracking in crossply laminates 
The effect of matrix cracks on the properties of crossply laminates has been 
researched extensively over the last 20 years. It is well known that laminate 
elastic properties, such as longitudinal Young's modulus and Poisson's ratio are 
reduced by the presence of the cracks (Highsmith et al, 1982; 0gin and Boniface, 
1985; Smith et al, 1990). The sequence of matrix crack accumulation in crossply 
laminates is well documented (Bailey et al, 1980; Bader et al 1985) and involves 
initiation and propagation of the cracks up to a saturation point which depends on 
material properties and ply dimensions. 
Early work by Pavizi and Bailey (1978) showed that fibre debonding (assisted by 
strain magnification in the matrix between the fibres (Garett and Bailey, 1977; 
Kies, 1962)) is the origin of transverse ply cracking. At higher strain, the 
debonds link up to form a flaw. Subsequently the flaws develop into a transverse 
ply crack spanning the full thickness of the transverse ply and width of the 
coupon. Most of the cracks under quasi-static loading initiate at the coupon edge 
because of the local stress field arising there from the free edge effect. It is also 
possible for cracks to initiate from the flaws in the material associated with 
processing. From the flaw, transverse cracks may propagate either in a stable 
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manner with increasing applied load, or, having reached a critical size, they 
propagate instantaneously depending on the thickness of the transverse ply. 
Thus, in thick transverse plies, once the initiation strain has been exceeded, crack 
formation is instantaneous. If the transverse ply thickness is less than the critical 
flaw width for fast fracture, a flaw that has grown across the ply thickness is 
stable, controlled or even suppressed (Ogin and Smith, 1987; Dvorak and Laws 
1986,1987; Boniface et al 1997). As the applied strain or stress increases, the 
number of transverse cracks increases until eventually a crack saturation spacing 
is reached. Fracture mechanics has been used to model progressive transverse 
cracking in crossply composites under quasi-static loading. 
A major difference between quasi-static and fatigue loading is that, in the latter, 
cracks can develop even when the maximum cyclic strain is below the threshold 
for transverse cracking under quasi-static loading (Bader and Boniface, 1985). 
Furthermore, matrix cracks nucleate at random throughout the transverse ply, 
although the laminate edge can be a preferred site for thick plies. A crack, which 
is distant from its neighbours, grows at a roughly constant rate. If other cracks 
nucleate near the growing crack tip, the growth crack rate is reduced and when 
the distance between crack tips is less than half a ply thickness, crack arrest can 
occur (Ogin and Smith, 1985). Experimentally it was found that the growth rate 
of matrix cracks across the specimen width under fatigue loading is constant and 
independent of crack length, except for a small region, roughly equal in length to 
the transverse ply thickness, near the laminate edge. In fact, it was shown that the 
crack growth rate related to the applied energy release rate range via a Paris-type 
relationship and that the dependence of the energy release rate on the value of the 
normalised crack length is very small (Boniface et al 1991). The results of 
calculating the average strain energy release rate associated with the growth of a 
crack (following Boniface et al, 1991) using the one dimensional shear-lag 
analysis of Steif (1984) will be shown in the theoretical chapter, section 3.2. 
More rigorous models for stress analysis than the shear-lag analysis have been 
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developed involving either variational (Nairn, 1989), elasticity (McCartney, 1996) 
or finite element approaches (Guild et al, 1993). 
2.4 Evidence for crack initiation from sensors 
It is evident from the previous section 2.2 that significant effort has been 
expended to understand and modify the stress field around an embedded optical 
fibre. A lot of this effort has been aimed at minimising stress concentrations that 
may cause crack formation. However, literature that experimentally verifies 
premature cracking or accelerating crack accumulation due to the presence of an 
optical fibre is limited. 
Microcracking under low-velocity impact damage in laminates with optical 
fibres embedded having different coatings between plies have been investigated 
and the general conclusions reached were that there was no effect of small 
diameter optical fibres (about 125 µm) on microcracking and delamination (Tay 
et al, 1991). These results agree with similar conclusions of Chang's study, 
which included three different graphite/epoxy laminate stacking sequences and 
six optical fibre diameters (Chang et al, 1992). However, it was shown in this 
work that the effect of the optical fibre on microcracking depended on the fibre 
diameter and on the thickness and Young's modulus of the fibre coating. Melvin 
et al (1991) investigated microcrack formation under fatigue loading in 
unidirectional graphite-epoxy specimens with optical fibre parallel to the 
reinforcing fibres but did not observe any fatigue crack formation associated with 
fibres, -. Roberts et al (1992) on the other hand, reported that cracks could form 
near optical fibres under fatigue loading if the fibres are placed near the interface 
between crossplies. The specimens were crossply laminates produced from a 
toughened graphite-epoxy pre-preg and were loaded in low cycle tension-tension 
fatigue loading. However, it is not clear from the micrographs (see, for example, 
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Figure 2.3) whether cracks initiated from the optical fibre, simply passed it or 
terminated at the fibre. 
The effect of embedded optical fibres on the interlaminar fracture behaviour of 
GFRP crossply composite laminates was investigated by Choi et al (1998). 
Double cantilever beam and end notched flexure tests were performed to obtain 
mode I and mode II interlaminar fracture toughness. It was shown that the 
fracture toughness values were, in general, little affected by the presence of 
optical fibres embedded in the same direction as the crack propagation. By 
contrast, for composites with optical fibres embedded perpendicular to the crack 
propagation the mode II fracture toughness showed a large increase at the 
locations of the optical fibre fibres where the cracks were arrested. These results 
are in good agreement with similar experiment of Blagojevic et al (1990) using 
Kevlar/epoxy crossply composites tested in double cantilever experiments. 
Although, these results are encouraging and there are no detrimental effects due 
to the presence of the optical fibres, the important issue of the influence of 
optical fibres on the crack development under fatigue loading remains to be 
investigated. 
2.5 Fibre optic sensors for strain sensing and damage detection in 
composite materials 
In this section an overview of FOS techniques for strain sensing and damage 
detection in composite materials will be given (a description of the theoretical 
background will be given in the next chapter, Chapter 3). A fibre optic sensor 
may formally be defined as a device in which an optical signal is modulated in 
response to applied loads. There are various types of sensors based on the 
modulation of different characteristics of light such as intensity, wavelength, 
phase or polarisation. Intensity-based sensors depend on sensing a variation of 
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the radiant power transmitted through an optical fibre, for example, small bends 
in an optical fibre lead to a loss of light (Clark, 1995). Such sensors have very 
limited sensitivity, measurement range and accuracy due to attenuation caused by 
unrelated' phenomena such as loss in connectors and cables and mechanical 
losses due to misalignment of optical components. 
Ä different class 
_of 
sensors, Bragg grating sensors, are based on the wavelength 
modulation of light. These gratings are "written" into the core of an optical fibre 
with well defined spacings and narrow band reflection occurs from a region of 
periodic variation in the core of the fibre. Changes in the applied strain field to 
which the optical fibre is subjected will alter the grating spacing, and hence the 
reflected wavelength, leading to wavelength encoded optical measurements 
(see, for example, Dunphy et al, 1995). 
Interferometric fibre optic sensors detect a phase modulation of light propagating 
along a single mode fibre due to applied physical fields such as varying strains. 
Such sensors encompass a large number of very sensitive devices available for 
many applications. They can be of the "distributed" type (i. e. sensing along the 
entire length of a fibre) or "localised" (i. e. determining the measured parameter 
over a specific segment of the optical fibre). A large number of different 
interferometric fibre optical techniques have been developed in the last twenty 
years (for examples, see Figure 2.4). Those various types will not be discussed 
here though comprehensive general reviews can be found in Udd (1995). Further 
discussion here is limited to fibre optic sensors for strain measurement and 
damage detection. 
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2.5.1 Fibre optic strain sensing 
Fibre optic strain sensing is a particularly important application of 
interferometric sensors because such measurements can be used to monitor the 
loads imposed on the structure as well as its vibration characteristics, 
deformation and/or environmental degradation. Such measurements have an 
enormous value in aerospace, marine and civil engineering applications (see, for 
example, reviews in Measures (1995)). Moreover, strain measurements could 
improve quality control of composite materials during fabrication through cure 
monitoring (Crosby et al, 1995; Lawrence, 1999). 
The use of optical fibres to make strain measurements dates back to Butter and 
Hocker (1978), who used two-beam interferometer with one fibre arm bonded to 
a cantilever beam. The phenomenon of a sensitive fibre optical strain gauge lies 
in the principle of two-beam interferometry, the theory of which will be 
discussed in section 3.3.3. The advantages offered by using fibre optic sensor 
following the Butter and Hocker approach is that a one-to-one relationship 
between optical phase change and the axial strain in the fibre is provided. This 
relation can then be directly inverted so that the axial strain can be obtained from 
the measured phase changes. However, the model does not account for the 
inevitable interactions between the sensor and the host material and therefore, it 
is only applicable to a free sensor, or one mounted on the surface of the material. 
Since the early 1980's optical fibre sensors have been embedded in structural 
elements in the hope of obtaining information regarding the internal stress or 
strain states of the structure (Claus, 1980). Much of the research effort has 
concentrated on the development of (i) sensors, (ii) signal recovery techniques, 
(iii) speciality of fibres and coatings, and (iv) embedding procedures. There are 
already commercially available and widely used fibre optic sensor 
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configurations, such as Fabry-Perot and Bragg grating sensors (see, for example, 
Liu et al, 1998; Sirkis et al, 1999,2000). 
All of this technology is intended to produce sensor systems that will measure 
strain or other parameters to provide some indication about the overall state of 
the structure. The interpretation of the measured signals produced by structurally 
embedded fibre optic sensors experiencing general thermomechanical loading is 
complicated because the fibre is subjected to a strain state, which is a tensor 
quantity, in addition to a scalar temperature field. The optical output from a 
sensor, which is the light intensity, is itself a scalar quantity produced as a 
consequence of contributions from a minimum of four quantities (three principal 
strains and the temperature) (Grossmann et al, 1998 and Jin et al, 1999). 
Interferometric fibre optic sensors do not measure "strain" or "temperature", but 
they measure optical phase shifts in the core of the optical fibre from which the 
strain and temperature states are inferred. 
Thus, a very important question in the use of embedded sensors is: what is the 
fibre optic sensor, embedded in a host material actually measuring? The answer 
to this question involves two parts. The first part needs to relate the strain in the 
composite to the strain in the optical fibre. The measured data correspond,, to the 
changes detected by the optical fibre core. However, fibre optic sensors are 
embedded in composite materials not to measure strains in the fibre of course, 
but to monitor the same quantities in the host structure. Therefore, the strain 
measured in the fibre must be related to the strain in the host material. If the 
sensor is far away from external boundaries or interfaces, then for sensors 
parallel to the fibres in transversely isotropic laminated composites closed-form 
solutions have been developed by Pagano (1972), Benviniste (1989) and Sirkis 
(1993). A greater degree of complexity is presented by a sensor in a generally 
orthotropic material. For this problem, Kollar and Steenkiste (1998) have 
developed closed-form expressions that relate the strains inside an orthotropic 
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material to the sensor strains. Thus, the host strains can be obtained in terms of 
strains measured in the sensor. 
The second part of the answer to the question about what sensors actually 
measure needs to relate the strain in the optical fibre to the physical basic of the 
quantity measured, which is intensity, itself related to changes in optical phase. 
The literature indicates that the basics of fibre-optic strain sensing with one 
sensor are fully understood when the sensor is mounted on the specimen surface. 
However, the interpretation of data obtained from an embedded sensor is 
difficult: indeed, in the latest review (Sirkis, 2000) this has been referred to as a 
Pandora's box! Nevertheless, an unified approach to the phase-strain- 
temperature relationship has been developed (Sirkis, 1993), and this is applicable 
to a variety of sensors embedded in transversely isotropic materials. Such a 
model enables the sensitivity of the sensor to strain changes in the compoite to be 
understood. Indeed, the sensitivity of the sensor used in this project is analysed 
using this model (Chapter 7). 
2.5.2 Fibre optic damage detection 
As indicated in the previous section, there is a variety of strain measurement 
techniques, which are well established and documented, even though the 
interpretation of the optical output can sometimes be problematic. However, 
fibre optic damage assessment is somewhat different and only at an early stage of 
development. In this section the research in that field will be reviewed. 
Different damage detection methods will be presented here, such as non- 
interferometric methods in section 2.5.2.1 and interferometric ones in section 
2.5.2.2. 
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2.5.2.1 Non-interferometric methods 
Some of the early work on damage detection concentrated on using the 
attenuation of the intensity of the optical output due to an optical fibre either 
fracturing or bending in an area of damage. For example, a visual technique used 
by Hoffer (1987). Hoffer (1987) embedded optical fibres across the GRP or 
CFRP composite panels. In this method, the optical fibre ends which formed a 
row on one side of the panel and were illuminated from a common source, and 
the light emerging from the far end of the fibres on the other side of the panel 
was observed. Provided that the system was initially set up so that the ends 
appeared equally bright, an absence of light in a spot indicated that an optical 
fibre was fractured due to the presence of damage. As an alternative to direct 
observations, instruments, such as a power meter may be used to monitor the 
optical transmission properties of the fibre. However, the maximum strain that a 
typical glass fibre can withstand before failure is about 5% (Johnson, 1986) and 
therefore, substantial damage had to occur before the optical fibre failed and the 
signal fell and this technique is therfore not suitable for initial damage detection. 
To maximise the sensitivity to cracking damage and facilitate fibre fracture near 
damage development, the optical fibres can be weakened. Glossop et al (1990) 
developed a process to produce weaker, and hence, more damage sensitive 
optical fibres by etching only periodic sections of optical fibres. The use of these 
fibres was demonstrated successfully on a full-scale aircraft leading edge under 
impact loading. However, there are some serious disadvantages to this technique 
for detecting composite damage. If the sensor relies on a permanent change in 
the optical fibre, such as fracture, then the sensing capability of a sensor is lost 
after the triggering event and it will not be usable after repair of the structure or 
component. Secondly, since the sensing of damage is very localised in this 
technique, a large number of sensors is likely to be required and the manufacture 
and installation of these sensors may be difficult. Hence, it is preferable for an 
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optical fibre damage assessment system to be able to detect damage without 
relying on fracture of the optical fibres themselves. 
When optical fibres were embedded in a composite material subjected to an 
impact load, an abrupt decrease in optical intensity occurred. By contrast, it has 
been shown that under cyclic loading conditions the fibre does not always break 
as soon as the crack growing in the host material reaches the fibre. Instead, a 
progressive decrease in intensity was found (Waite, 1990; Johnson, 1986). 
However, these authors also noted that techniques based on such attenuation lack 
repeatability and reliability. This is because the optical fibres have to be 
weakened in a controlled manner prior to use, and the bare fibre degrades if left 
in normal atmospheric conditions. Hence, the special techniques are required to 
ensure repeatable and reliable results, which makes this approach impractical. 
Nevertheless, Waite (1990) showed using optical fibres with a polymer cladding 
that such a technique could give in indication of early fatigue damage 
development in woven GRP specimen tested under three-point bend conditions. 
It was found that due to local fatigue damage the cladding of the optical fibres 
becomes damaged, resulting in attenuation of the light. The specimen stiffness 
was used as the measure of damage and stiffness reduction data was related to 
the decrease of optical fibre output. The attenuation was found to be 
proportional to the extent of damage as the samples were being fatigued. The 
method was more reliable than with treated optical fibre, but it would require 
determining the fatigue properties of the polymer cladding of the optical fibre 
embedded in the composite. 
Many authors have reported observing useful changes in optical signals from 
optical fibres during impact (Tay et al, 1991; Martin et al, 1995). For example, 
Tay et al (1991) showed that light in single-mode fibres embedded in CFRP is 
attenuated during the time of the impact load due to microbending of the optical 
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fibres. In general, it should be noted that all intensity based techniques in spite 
of their simplicity are non-localised, lack sensitivity and that the intensity 
changes can have a number of different origins. 
More recent and sophisticated approaches have made use of the potential ability 
of sensors to both detect damage and to indicate its position. A number of 
different techniques have been proposed to detect local changes in the optical 
fibres, such as optical time domain reflectometry (OTDR) (Bocherens et al, 
2000) or phase modulating optical coherence domain reflectometry (p-OCDR) 
(Takeda et al, 1997). In a basic optical time domain reflectometer, a laser diode 
launches very short optical pulses into the fibre under test. Any optical 
discontinuities in the fibre will give rise to a reflected signal. The light reflected 
back is detected by a fast photodetector. It is believed that damage in the 
composite materials creates a macro- or micro-bends along the fibre, inducing 
Fresnel reflection which can be detected. Hence, it is possible to determine if a 
crack (or other changes) has occurred. 
Bocherens et al (2000), for example, studied damage detection in the radome 
coupons which consisted of three layers, such as two glass/epoxy outer layers 
and an internal foam core layer. These coupons with embedded optical fibres 
were subjected to impact tests, and permanent damage induced by impact was 
assessed using OTDR. Two signals were obtained: one before the impact as a 
reference, and the second after impact. The subtraction between these two 
signals allowed the detection and accurate location of defects to be determined. 
The results were confirmed using the traditional monitoring methods, such as 
ultrasonic or shearography. However, OTDR and p-OCDR have the drawbacks 
that they do not deal with the detection of damage in real time, and although such 
systems are commercially available, they are expensive. 
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2.5.2.2 Interferometric methods 
If an optical fibre damage detection system could be based on fibre optic sensors 
used for -strain measurements, a definite advantage would be gained: the same 
sensor could monitor the strain in the structure and indicate the state of damage. 
Masalkar et al (1995), for example, have used a high birefringence optical fibre 
for strain measurements in woven GFRP composite materials under three point 
bending and an optical fibre output was recorded as a function of applied load. 
The experimental arrangement is shown in Figure 2.5 and as expected for 
interferometric sensors an output varied as a sine wave with increasing applied 
load (see Chapter 3 for details). However, it was found that it required a higher 
load to produce one cycle of the sine wave of the optical output (i. e. the 
sensitivity of the sensor decreased) when delamination was present in the 
specimen. Following this approach with the same experimental set-up 
Murukeshan et al (1999) studied the detection of delaminations in CFRP or 
GFRP composite laminates using embedded Hi-Bi fibre as a polarimetric sensor. 
The change in sensitivity was attributed to the fact that there is a change in the 
properties of composite material, such as flexural stiffness due to the presence of 
delamination. They also suggested that the change in sensitivity of the sensor 
could be related to the extent of the delamination. The detection of delamination 
damage in this way demonstrates the feasibility of on-line health monitoring of 
composites using such a sensor, although care needs to be taken in the 
interpretation of the results if the changes in the optical output are to be ascribed 
to a particular type of defect. However, the effects of different parameters on the 
performance of a polarimetric sensor, such as fibre coating, light launching 
conditions and debonding of the optical fibre, should be taken into account 
(Murukeshan, 2000), which may make the interpretation of the results difficult. 
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Another approach to damage monitoring is to use a Michelson interferometric 
strain sensor and to analyse the resulting signal by digital filtering of the real- 
time optical interference output (Baillie et al, 1995; Kwon et al, 1997). Kwon et 
al (1997) embedded a Michelson interferometric sensor in the 0° ply of a 
[904/04]S crossply CFRP laminate which was then tested in four-point bending to 
determine simultaneously the internal strain and failure points (for example, 
matrix cracks). The experimental set-up is shown in Figure 2.6. A piezo, -electric 
transducer (PZT sensor) was bonded to the top surface of the laminate as a 
secondary crack detector and as a trigger so that the fibre optical signal at failure 
could be examined within the first few hundred milliseconds of crack formation. 
An electric strain gauge was attached to the surface of the composite beam to 
compare the measured strain with the internal strain from the Michelson sensor. 
The signals from the strain gauge, PZT and optical sensors were continuously 
acquired and an example of the data is shown in Figure 2.7. The FOS signal 
showed a well-defined sine wave and the internal strain was determined from this 
curve (Figure 2.7 (a), (b)). This sine wave variation of the output optical 
intensity with increasing strain was disrupted by the formation of matrix cracks. 
The optical failure signal was obtained by discarding the sinusoidal wave due to 
static deformation using digital filter (see Figure 2.7 b and c). Filtering the 
optical signal showed that there was almost a one-to-one correlation between the 
crack formation detected by the PZT sensor and by the filtered fibre optical 
signal (see Figure 2.7 c and d), although the detection of the cracking by the PZT 
sensor is, of course, another indirect technique. For practical purposes, the 
reference fibre required by interferometric sensors may limit their applications. 
Tsuda et al (1999) used the similar approach to that of Kwon et al. In the work 
of Tuda et al, a Michelson interferometric sensor was surface-mounted onto a 
unidirectionally reinforced CFRP laminate for damage monitoring and an 
acoustic emission sensor was used as a second method of damage detection. The 
laminate was subjected to a quasi-static tensile load parallel to the reinforcing 
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fibres or to an impact test. The authors noted that the interference signal changed 
discontinuously when the sensor detected the vibration. Damage in fibre 
reinforced composites, such as matrix cracking and fibre breaking, induces 
vibration' by releasing the strain energy. Therefore, damage can be detected by 
analysing the interference signal. They examined the frequency component of 
the optical output and found that the frequency of the interferometric signal is an 
important parameter for damage detection using interferometric sensors. Using a 
highpass digital filter, the authors found good agreement between the filtered 
optical signal and the acoustic emission count rate for events which were 
assumed, but not proven, to be related to matrix cracks and extensive carbon 
fibre fracture. 
2.6 Conclusions 
Based on the literature review the following conclusions have been reached: 
Due to the importance of the optical fibre coating, and the fact that the choice of 
a particular coating depends on the geometry and material properties of the host 
composite material, it is important to establish the optimum coating for a sensor 
embedded in a model crossply GFRP laminate, such as will be used in this 
project. 
The literature is inconclusive about the effect of the fibre optic sensors on 
damage development in composite materials suggesteding that this is an area 
which should be investigated for any particular sensor. The use of transparent 
GFRP coupons will allow the interactions between the optical fibre and initial 
damage in the composite, such as matrix cracking, to be studied directly. 
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For damage assessment, signal monitoring has to continue over extended periods 
of time. This monitoring generates a large amount of data that has to be 
processed and presented in a simplified way. Data collection can seriously limit 
the application of continuous monitoring techniques based on economic 
considerations of data storage alone. Therefore, there is a need for designing 
sensors that are damage specific and activated by a damage event. Among 
different methods of damage detection the use of Michelson sensor with 
subsequent analysis of interferometric output using digital filtering has some 
advantages for initial damage detection, because it is cost effective, requires 
minimum data analysis and has been shown to be reliable. However, Michelson 
sensors as two fibre interferometers which may inhibit practical applications. 
Therefore, in this project a crack detection system based on a single-fibre 
interferometer, an embedded polarimetric sensor will be investigated. 
Regardless of the method used, it is important to realise that the understanding of 
how optical fibres respond when embedded inside a composite material that is 
undergoing some form of failure is a difficult problem. The interaction between 
the surrounding material and the optical fibre determines how a particular type of 
composite damage will effect the embedded optical fibre. The interaction 
between the strain in the composite and the strain in the fibre is governed by 
geometry (the position and orientation of a fibre optic sensor), fibre/coating/host 
material properties and the condition of the interface between them. Hence, the 
interpretation of an abnormal optical output may be difficult. In the next chapter, 
some of the theory relevant to the strain sensing and sensor sensitivity in 
composite laminates will be presented. 
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Fig. 2.3 A cross-section of a graphite/epoxy impact specimen with an optical 
fibre embedded in a 04/904/Optical Fiber/904/04 crossply showing a microcrack 
terminated or initiated near an optical fibre (after Chang, 1992). 
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Fig. 2.5 Experimental set-up for strain measurements (from Masalkar et al, 
1995). 
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Fig. 2.6 Experimental set-up for simultaneous strain measurement and damage 
detection (from Kwon et al, 1997). 
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Chapter 3 RELEVANT BACKGROUND THEORY 
The topics in this chapter have been included to introduce and review briefly 
most of the background theory which is relevant to this work, specifically: finite 
element stress analysis, intralaminar (i. e. matrix) cracking, and polarimetric fibre 
optic sensors. The descriptions included here are intended to provide a summary 
of the various topics mentioned, and not to cover all the theoretical background 
in detail. The full development of the theories can be found in the references to 
the source literature given in the course of this chapter. 
The first section, section 3.1, covers the basic principles of finite element 
analysis. This is followed by an introduction to matrix crack propagation in 
section 3.2, and by relevant topics in optics in section 3.3. 
3.1 Basic principles of finite element analysis 
Finite element analysis (FEA) is a sophisticated tool for solving engineering 
problems. It has been extensively described in the literature, for example 
Zienkiewicz (1977), and only a summary of the basic principles will be given 
here. 
The basis of FEA is to determine the distribution of the unknown variables over a 
body, such as displacement. The region under consideration is sub-divided into 
an assembly, of elements, which are interconnected at joints, known as nodes. 
The density and type of elements are chosen so that the variable distribution 
throughout the region is adequately approximated. One of the more common 
engineering uses of the FE method is structural analysis. The procedure involved 
can be briefly described as follows. 
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Firstly, the applied stress can be considered to act as a set of concentrated loads 
applied to the relevant nodal points. The system of displacements is defined 
throughout the structure by the element displacement function with, the nodal 
displacements acting as undetermined parameters. After the problem has been 
discretised, as described above, the following rules of structural analysis are 
applied. For a prescribed set of displacements, the equilibrium conditions are 
satisfied when the total potential energy is at its minimum. The minimisation of 
the potential energy of the system is generally known as a variational 
formulation. 
arl 
=o a{US} 3.1 
where II is the potential energy and {US} is the vector of all the degrees of 
freedom in the model and consists of all of the elemental displacement vectors. 
The minimisation gives the general form of the equation for elasticity problems 
as 
{k} {vs}={F} 3.2 
where {k} is a stiffness matrix and (F) is the vector of applied nodal forces. The 
strains are simple functions of these displacements according to basic elasticity 
theory. For a full three-dimensional strain field, 
29 
Chapter 3 
au av aw Ex = 
d3x y az 
au * av av aw aw au 
7xy =+ Yn =-+- yXZ =+- ay ax aZ ay ax aZ 3.3 
For some cases, 
_as 
in the work described later (see Chapter 4) a real three- 
dimensional problem can be reduced to a two-dimensional plane strain 
approximation. In this case, if the model is developed in the x-y plane, then 
shear strain in other planes is given by: 
Yyz =Yyz O. 3.4 
Furthermore, for the plane strain approximation, 
cZ=O 3.5 
and according to the constitutive laws for isotropic material a plane strain 
element will have a material property matrix, D, given by 
1v0 
1-v 
D 
E(1-v) v10 
(l+v)(1-2v) 1-v 
00 
1-2v 
2(1-v ) 
3.6 
where E is Young's modulus and v is Poison ratio. The next step in the 
procedure is to place the coefficients of each element 'stiffness matrix and the 
force vectors into the corresponding locations of the global stiffness matrix and 
the force vector and sum them. Once the element equations have been 
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assembled, boundary conditions are incorporated. The equations cannot be 
solved without boundary conditions because the stiffness matrix may be singular, 
and hence its inverse will not exist. In a stress analysis problem, this would 
mean physically equate to the structure undergoing unlimited rigid body motion, 
and hence restraining forces are applied to keep the model in equilibrium. 
The final step is to solve the system of equations to find the unknown variables. 
One of the most frequently used solution methods for this problem is Gaussian 
elimination, which is a standard method of matrix inversion. From the calculated 
values of the displacements,, it is then possible to derive the strains and stresses 
present within the body. 
The FEA method is an approximate method. The way in which the problem is 
modelled, for example the approximations in the geometry or material properties, 
and the method of discretisationt (i. e. the number and type of elements used), all 
affect the accuracy of the final answer. The accuracy of the model can be 
improved in two ways. Either the geometry can be divided into smaller 
elements, or the accuracy of the elements themselves can be improved by using a 
higher order interpolation function (i. e. a function which approximates the 
distribution of an unknown variable through the element). The required outcome 
of the analysis is a compromise between the use of numerical hardware resources 
and the accuracy of the solution. 
In a plane strain approximation, square elements designated as CPE8, and 
triangular elements, CPE6, can be used. These are two-dimensional, 
isoparametric solid elements with eight and six nodes, respectively, and there are 
limits to their aspect ratio. If these limits are exceeded, the elements become 
distorted and errors are introduced into the approximations. There are additional 
cases where the results should always be treated with caution, such as at points 
close to local restraints, load inputs or free surfaces. Large differences 
in 
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material properties and size of elements may also lead to unreliable results due to 
the large differences in the order of the terms in the stiffness matrices 
(Zienkiewicz, 1977, Fagan, 1992; ABAQUS manual). The validity of a FEA 
model can be sometimes verified by theoretical close-form solutions and/or 
experimental testing providing results of the required accuracy. 
3.2 Matrix cracks in crossply GFRP laminates 
In this section some relevant results from theoretical analyses of transverse ply 
crack formation in crossply laminate are presented. Laminated composites are 
typically produced from a combination of unidirectional layers, so that properties 
such as laminate stiffness depend on the orientation of adjacent plies. For 
undamaged composite laminates, laminated plate theory (LPT), or approximate 
rules of mixture expressions can be used to predict the laminate stiffness from 
those of the individual layers. Under loading, matrix cracking in the off-axis 
plies occurs leading to a reduction of the laminate properties and fracture 
mechanics techniques can be applied to analyse this particular type of damage. 
For modelling this phenomenon theoretically, closed-form strain energy release 
rate and approximate stress intensity approaches have been developed based on 
different types of shear-lag (for example, Boniface) and variational stress 
analyses (Nairn, 1989). 
3.2.1 Shear-lag analysis 
The analysis presented here is an example of one such method introduced 
by 
Boniface et al (1991), based on the strain energy release rate associated with a 
crack. It is derived from first principles and includes thermal stresses. The 
basic 
problem is shown in Figure 3-la. A crossply laminate initially contains two 
cracks, A and B separated by a spacing 2s. Under loading, a third crack 
C forms 
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midway between cracks A and B. The crossply has an inner 90° ply of thickness 
2d and two outer longitudinal plies of thickness b, with Young's moduli of E2 
and El, respectively. The width of the coupon is w, as shown in Figure 3.1 (a) 
and (b). 
To model the stress distribution associated with the crack, a one dimensional 
shear-lag stress analysis is used (Steif, 1984). In this approach, away from the 
matrix cracks load is shed back into the transverse ply from the longitudinal ply 
by shear of the transverse ply. The longitudinal displacement profile across the 
transverse ply is assumed to be parabolic and constant across the longitudinal 
ply. The parabolic variation of the longitudinal displacement in the cracked 
transverse ply (see Figure 3.1 (c)) is given by 
2 
V= V2 -+ 
x2 (vl-v2) 
d 
3.7 
where of and v2 are longitudinal displacements of the longitudinal ply and the 
longitudinal displacement in the middle of the transverse ply, respectively. The 
longitudinal stress in the 0° ply, o, can be found using the stress equilibrium 
equation and Hooke's law. Then, a second order linear differential equation for 
ß'7 1S 
d 2a ,_1,2c3 ,_ _X 
Eý 
6a 
dy 2 Eo 
3.8 
where o the average laminate stress and Eo is the undamaged laminate modulus 
given by 
Eo = (bE, +dE2)/(b+d) 3.9 
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Theshear-lag parameter, k, is given by 
2 aG23(b+d)Eo 
d2 bE2EI 
3.10 
where G23 is the out-of plane shear modulus of a lamina and a is a numerical 
constant equal to 3 in this case. Having solved equation 3.8 with boundary 
conditions as 
6 1(-s) =6 I(s) =b+d 6a b 
3.11 
then for an applied stress, 6, the 0°ply stress in the loading direction, 61 is given 
by 
b E2 T cosh Xy 6E +6 
0 
(. ) 1-cosh ý. s 3.12 
where aT is the thermal stress in the transverse ply which arises during cooling 
due to the mismatch in the coefficients of thermal expansion of the plies. 
3.2.2 Some shear-lag results for single crack and residual strains 
The stress and strain changes associated with a single crack in a crossply 
laminate can also be found using this approach (Boniface, 1991). The 
longitudinal stress in the 0° ply is given by 
6ý =6 1+ 
b 
-6 
E2 (d)(I 
d Eo b 
3.13 
34 
Chapter 3 
where y is the distance from the crack plane in the 0° direction and the mean 
longitudinal strain in the 0° ply over a certain distance can be obtained by 
integrating equation 3.13. Another important result for a single crack is the 
expression for the transverse strain as a function of coordinate y (see Figure 3.1 
(c)) is 
E1 
_ 
V12E2(b+d)2 
(1_(1_ 
(bE, +dE2))e_AY) 
3.14 
6 (bE2 +dE, )"(bE, + dE2) E, (b+d) 
A related approach enables the residual stresses and strains as a consequences of 
cracking to be analysed (Bassam, 1998). In this case, the applied load is equal 
zero and the longitudinal stress in the 0° ply can be found from equation 3.12, 
and a thermal strain is 
E, 
dE2Da0T 
bE, + dE 2 
3.15 
where Aa is the difference between the transverse and longitudinal coefficients 
of thermal expansion and AT is the difference between the cure temperature and 
room temperature. Then the measured residual strain due to a single crack for a 
gauge length of 2x' centered on the crack plane will be 
9 
X, =- 
£t 
where c' is given by equation 3.15. 
3.16 
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3.2.3 Shear-lag analysis and predictions of crack growth 
To make predictions of crack growth, for example in fatigue, it is necessary to 
obtain the energy release rate associated with a crack. When the laminate cracks 
under the conditions of a constant external load, it will extend by a small amount. 
This extension consists of the displacements due the increased compliance and 
the relaxation of the thermal stresses. The sum of these displacements, 
multiplied by the load, will give the work done, W. As a result of this work, the 
stored elastic energy in the laminate changes and a crack advances. The stored 
elastic energy is associated with direct stresses in longitudinal and transverse 
plies, U, and shear stresses in the transverse ply, T. The work done and the 
elastic energy changes during the growth of a full thickness (2d), full width (w) 
crack are related to the strain energy release rate (from the conservation of 
energy) by 
6W=8U+ET+2GdW 3.17 
where G is the strain energy release rate. The displacements and stresses 
for 
calculating 8 W, 8U and bT can be obtained from the shear-lag expressions. Then 
for the formation of a third crack midway between two existing cracks spaced 2s 
apart the result is (Boniface et al, 1991) 
b E2 Te 
(d")__E0 [tb04)'S tan*S 
G= 1+- a Eo 
+6 b EIE2 
S Yks ), s 
For the first crack (s -+ cc), and equation 3.18 can 
be written as 
G=ll+d)(6 E2 Ta 
Eo 
Eo b UIE2 
3.18 
3.19 
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Note that there is no dependence here of the strain energy release rate, G on a 
crack length, as mentioned in section 2.2 
The theoretical expressions introduced here (equations 3.13-3.16) will be used in 
section 7.4 to obtain the strain increase due to the formation of a single crack in a 
crossply laminate and equation 3.19 to explain the experimental results of the 
crack growth under fatigue loading in section 6.2. 
3.3 Optics 
In this section, theoretical topics relevant to the fibre optic sensor used in this 
work are covered starting with a general introduction to a waveguide theory 
(sections 3.3.1 and 3.3.2), following by the principles of interferometry as a basis 
for fibre optic strain sensing (in section 3.3.3). Finally, the operation of a 
polarimetric sensor, together with the expressions for its sensitivity, will be 
presented in sections 3.3.4 and 3.3.5. 
3.3.1 Electromagnetic field in a waveguide 
To investigate the propagation of polarised light in a polarimetric sensor, it is 
useful to return briefly to the first principles and consider light propagating 
through a waveguide. Light can be represented as electromagnetic waves 
propagating in a media. There are well-developed models for the 
electromagnetic theory of dielectric waveguides which describe guided 
electromagnetic waves in a dielectric media consisting of materials with different 
properties. These models involve the relevant Maxwell's equations and the wave 
equation subject to boundary conditions for the waveguide. Maxwell's equations 
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for a nonconducting, space-charge-free inhomogeneous medium may be written 
as 
curlE= - aB/öt 
curlH= - öD/öt 
div (, i "E) =0 
div B=0 
3.20 
where E is a vector of electric field, D is an electric displacement and n is a 
refractive index which depends on directions; B is a magnetic field and H is a 
magnetic intensity (Snyder, 1983). Using Maxwell's equations and separating 
electric and magnetic fields, a vector wave equation for E can be derived as 
V2E+V(1/Er"V(s, ) E) - EoErµoµr"ö2E/&2 =0 3.21 
and there is an analogous equation for H, where co and s, are permittivity of free 
space and relative permittivity of the medium, respectively; µo and µr are the 
permeability of free space and the medium, respectively (see, for example, 
Snyder, 1983). The wave equations are subject to boundary conditions where 
abrupt changes of the material parameters occur. 
The general nature of the solution is in the form of a wave, yf, which represents 
either E or H, and is discussed in detail in, for example Marcuse (1974). The 
solutions are analogous to the quantum mechanical solutions to Schrodinger's 
equation. There are two types of solutions: one corresponds to bound states, 
another to unbound states. For dielectric waveguides, the bound states (or the 
guided electromagnetic waves) are associated with 'a discrete spectrum of 
propagation constants, (3n, which are the eigenvalue solutions for y in which 
their energy is confined near the fibre axis. The radiation modes, on the other 
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hand, belong to a continuum with the energy associated with the wave spaced out 
through the medium surrounding the waveguide. 
The main features of waves propagating in waveguides can be illustrated by 
considering a simpler problem of the propagation of waves between two parallel 
conducting planes (the "planar waveguide"). Figure 3.2 shows the plates 
separated by a distance b. Electromagnetic fields, which can propagate between 
the plates, have to obey the Maxwell's equations in the free space between the 
plates 
curlE=-aB/at 
curlH= - öD/öt 
div D=0 
div B=0 
3.22 
After separating E and B, the equations for the electric and magnetic field are 
V2E=soµoa2 
E 
at 
v2B =E Qµo 
ai B 
at 2 
3.23 
where so and µo are permittivity and permeability of free space. These are the 
wave equations and they are simpler than in dielectric media (see equation 3.21). 
The fields E and B also have to satisfy certain boundary conditions in the planes 
of the conductive plates, such as the tangential component of the electrical field 
and normal component of the magnetic field must be zero. The simplest type of 
solution to these wave equations is a linearly polarized plane wave. Suppose that 
a linearly polarized plane wave is moving between the plates in the direction 
given by the vector k, which lies perpendicular to the x-axis and makes an angle 
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0 with z-axis as shown. Then the electrical field associated with the wave is 
given by 
Ei = eX exp[i(o t- ki " r)] 3.24 
where c) is the angular frequency of the wave and r is a vector with coordinates 
x, yandzand 
ki "r -ky sinO + kz cos8 3.25 
where k is the wavenumber of the wave which is equal to 2it/X. When this wave 
strikes the plane y=0 it is totally reflected, (see E2 in Figure 3.2), with a phase 
change of 180°, in the direction of k2, given by 
k2 r= ky sinO + kz cosO 3.26 
Any superposition of plane waves is also a solution to the wave equations for 
which the resultant field, E, is given by 
E=Ei+E2= 
= eXEo exp[i(cot - kz cosO )] x [exp(iky sinO) - exp(-iky sinO )] 3.27 
= ex2iEo sin(ky sinO) exp[i(o t- kz cosO )] 
The boundary conditions that Ex =O at y=0 is automatically satisfied. The 
tangential field will be zero over the other plane at y=b if the angle 0 is such that 
kb sinO = nir 3.28 
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where n is an integer. It is clear that there is a discrete number of different fields 
corresponding to different values of n, called modes, which can propagate. 
However, since sin 0 cannot exceed unity for any given frequency of the 
radiation the maximum value of n is given by a condition 
nit 
kb 
Therefore, there is a cut-off above which such waves cannot propagate. 
3.29 
Moreover, the electric fields in the waves described have no components in the z- 
direction of propagation (see Figure 3.2). Therefore, they are called transverse 
electric waves (TE) wave. If two waves, in which a magnetic field has an x- 
component only, are added in a similar manner the resulting waves have no 
component of the magnetic field in the direction of propagation. These waves 
are called transverse magnetic waves (TM). 
The main properties of electromagnetic waves propagating in a waveguide which 
will be used in the following sections are: 
(i) n discrete modes can propagate 
(11) each mode has two orthogonally polarised states (TE and TM) 
(iii) cut-off conditions exist, which can decrease the number of allowed 
modes. 
3.3.2 An optical fibre as a waveguide 
An in-plane isotropic, circular cross-section optical fibre is a waveguide which 
consists of a core and a cladding, with corresponding refractive indices nj and n2 
(see Figure 3.3), where the refractive index of the core, n], is greater than n2, the 
refractive index of the cladding. Hence, an optical 
fibre has cylindrical 
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symmetry and the wave equations can be expressed in a cylindrical coordinate 
system with boundary conditions imposed by the optical fibre core and cladding. 
The equations are forms of Bessel's equation and their solutions include the 
Bessel and modified Hankel functions. The detailed mathematical description is 
beyond the scope of this work some relevant results will be summarised below. 
If light of wavelength 2 is launched into the core of the optical fibre it will be 
guided along the fibre due to the total internal reflection that takes place since nj 
> n2. Depending on how the input light is introduced, it can propagate following 
different paths. Since the core and the cladding form a dielectric waveguide, the 
electromagnetic wave will propagate in definite states, known again as modes. 
Each mode is characterised by its own propagation constant in the direction of 
propagation, ß, polarisation, X or Y, and intensity distribution, known as mode 
pattern. An important dimensionless quantity characterising the waveguide 
properties of the fibre is the normalised frequency, sometimes called the V- 
parameter (Snyder, 1983), defined as 
V=(21L%2, )a(nj"n2)112 3.30 
where a, is the wavelength of light, a is the radius of the core and n i, n, are 
refractive indices of the core and cladding, respectively. Depending on the value 
of the V-parameter one or more mode can exist. For an isotropic, round silica 
core/cladding fibre the following condition holds. If V <_ V, = 2.405, then only 
the fundamental mode propagates. Such a fibre is called a single mode fibre. 
Two single mode fibres can be used to form an interferometer, such as of Butter 
and Hocker (1978) (see section 2.4.1). 
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3.3.3 A two-beam interferometer using two optical fibres 
In the classical two-beam interferometer using optical fibres, light from a laser is 
launched-into two single mode fibres of the same length, and the output light is 
combined and interferes. The resulting interference leads to a cosine modulation 
in the intensity of light: 
1+cosA 
I=Io 
2 
3.31 
where I is the sensor output power, Io is the input optical power and A 
represents the difference in the phase shift between the optical fibres (Born, 
1970). The phase of the light wave after going through the fibre section of length 
L is 
ý=ßL 3.32 
where ß is the propagation constant of the mode in the fibre. In general, ý 
depends on the length, L, temperature, T and wavelength, ? that is 
_ (L, T, 2) . The variation 
in due to an incremental changes in these 
parameters is given by the expression (Measures, 1995) 
0ý = (L 
aR 
+P )AL + (L 
p+ß aL 
)OT +L 
op 
Ak 
aL aT aT ak, 
3.33 
For the simplest case, the temperature is kept constant and the wavelength is 
fixed. Then, if a section of one of the single mode fibres is strained along the 
fibre direction, the expected phase shift due to the longitudinal strain can be 
calculated (Butter and Hocker, 1978). For an axial strain in one fibre of c, the 
changes in 4 is given by 
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A ß0L+A L 3.34 
The first "term in Equation (3.34) represents the physical change of optical fibre 
length and is 
3AL=f L. 3.35 
The second term, representing the change in 4 due to a change in ß, results from 
two effects: a strain-optic effect and a change in the diameter of the fibre. 
Hence, 
LAf3=Ldp An+Ldp OD 
do dD 
3.36 
where n is the refractive index and D is the diameter of the fibre. The strain- 
optic effect, i. e. the changes in the refractive index of the fibre due to the strain, 
appears as 
6 
0( 
z)=IP,,. 
s; 
n j_l 
3.37 
where P; 1 is the strain-optic tensor and sj is the strain vector. For the longitudinal 
strain of an isotropic material, the strain vector is given by 
E 
-VE 
-VE 
Eij = 
0 
0 
0 
3.38 
44 
Chapter 3 
where v is Poisson's ratio for the fibre material. The second term of equation 
3.36 is a waveguide dispersion effect due to a change in fibre diameter; this is 
usually negligible and can be taken to be zero. Combining equations 3.34-3.38, 
the phase change per unit strain per unit length is found to be 
dý 
= PG- 
n [(1-v )P12 -VP> >]) 3.39 cL 2 
where Py are components of the strain-optic sensor 
or 4= SEL 3.40 
where S is the interferometric phase sensitivity given by 
2 
S=P (I- n [(1-v )PI2 -vPI 1]) 3.41 2 
Such an interferometer shows a linear response with applied strain. In this work, 
a polarimetric sensor, which is a type of interferometric sensor, was used and its 
operation and sensitivity will be discussed in the following sections. 
3.3.4 The polarimetric sensor 
In the single mode fibre described above, the mode is actually two-fold 
degenerate due to the circular symmetry and isotropic material and can be X or 
Y-polarised, both having the same propagation constant, P. Therefore, single 
mode optical fibres do not normally preserve the polarisation state of light 
propagating along the fibre because the energy readily transfers between 
polarisation states which have the same propagation constant. If anisotropy is 
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introduced into the fibre, then the refractive indices along the X an Y axes 
become different, which leads to different propagation constants. Such fibres 
can hold or maintain the state of polarisation and optical wave amplitude in a 
particular polarisation state along the fibre length. This situation is characterised 
by a birefringence B, defined as 
B= nX ny = Aß(Xo/2it) 3.42 
where nX and ny refer to the refractive indices for light polarised along the fibre 
principal axes x and y, respectively. A commonly quoted parameter is the beat 
length LO=2 /B. Birefringence can be introduced into a fibre by using the 
anisotropic thermal stress produced by incorporating higher coefficient of 
thermal expansion doped regions within the fibre (as in the Bow-Tie or PANDA 
type fibres) or mäjng the core or cladding elliptical. These fibres are called 
polarisation maintaining high birefringent (Hi-Bi) fibres, and some examples are 
shown in Figure 3.4. 
Polarimetric sensors utilise the relative phase shift between orthogonally 
polarised light in a single mode, polarisation-maintaining fibre and hence, avoid 
the need for two fibres. The sensor makes use of the relative change in optical 
path length which occurs between the two orthogonally polarised modes of a 
fibre when it is subjected to longitudinal strain (Rashleigh, 1983) or transverse 
strain (Varnham et al, 1983). The technique is attractive because polarimetric 
sensors are considerably simpler in construction than interferometric ones. 
Figure 3.5 shows how the properties of Hi-Bi fibre can be exploited in a simple 
polarimetric sensor of the type used in this work. Lineally polarised laser light of 
633nm wavelength is launched into a length LI parallel one of the axes of a 
PANDA fibre, which delivers it to the length L2 of the same fibre. The splice S, 
provides the localisation of the sensor and is achieved by rotating the axes of the 
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fibre through 45° in the sensing section L2 relative to their orientation in the lead- 
in/out sections of the optical fibre, lengths L1 and L2, respectively. As both 
polarised modes are present in L2, they will recombine and interfere when they 
pass through a similar splice S2 to length L3 of the same fibre. There are thus two 
interference phenomena - one in each of the two axes of the Hi-Bi fibre in the 
length L3. The phase in one axis is shifted by 90 ° compared to the phase in the 
other axis and the intensities would sum to zero by a polarisation insensitive 
detector, unless they are separated by using a polarisation splitter or one of them 
is removed by bending (coiling) the fibre L3 with an appropriate bend radius. 
The use of a coiled length of fibre to eliminate the light from one axis of the 
lead-out fibre works as follows (Varnham, 1994; Simpson, 1983). Suppose one 
of the polarised states, X-mode, propagates in the core along the X-axis with a 
refractive index n's, o, and the other, Y-mode, has an associated refractive index 
of n''co, -e, where nxco,. e> 
3'core. Both modes exist in the fibre if their refractive 
indices are higher than that of the cladding i. e. n"ycore> nxlycladd (see Figure 3.6 a). 
The fibre bend introduces additional stresses and alters the refractive indices 
nxcore and n''core. If the new indices are designated as nYcore* and n"cladd* and the 
bend radius is such that the refractive index of the Y-mode in the core becomes 
equal to the refractive index of the X-mode in the cladding, i. e. ncore* = nXClndd* 
(Figure 3.6 b), then the Y-mode will escape from the core to the cladding and 
will not propagate along the fibre. Thus, the appropriate bending of the fibre is a 
method to eliminate one of the two possible polarisation states without adversely 
affecting the other. In other words, when the fibre is bent, a differential bend 
loss occurs that can be enhanced by an appropriate choice of bend radius for a 
particular wavelength to split the two polarisations. Therefore, bent or coiled Hi- 
Bi fibre within the length L3 can be used as a polariser, delivering only one of the 
polarised modes to the detector. 
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With regard to strain measurements, an applied strain will change the 
birefringence and the two optical path lengths within the sensor length L2, thus 
changing the relative phase of the two polarisation modes in the fibre. The 
resultant 'optical output is analogous to the case of two-beam interferometry and 
has the Porn 
I=I° [1 + Vv s cos(A p )] 2 
3.43 
where I is the sensor output power, Io is the input optical power, Ay is the 
relative phase difference between the two polarisation modes and VVIs is the 
visibility of the light modulation. The depth of modulation, or visibility of the 
observed polarimetric response, is limited by the accuracy of the orientations of 
the fibres in the splices and can vary from zero to unity (Born, 1970). The 
visibility, Vvjs, is given by 
VVIS 
'max 
-I min . ,Y 
, max +l min 
sin 2a sin 25 
1+cos2acos2ä 
3.44 
where a and 8 are the angles in the splices Sj and S2 with respect to the fibre 
axes, and y represents the correlation function between the polarisation modes. 
This is a function of the length of the fibre, the polarisation dispersion of the 
fibre and the spectral halfwidth of the source, AX. Equation 3.44 is analogous to 
the well-known formula for the visibility of the fringes in classical two-beam 
interferometery (Born, 1970). The interfering waves in this case are the 
polarisation modes. Figure 3.7 shows the optical output of the polarimetric 
sensor (equation 3.43), with the visibility for three different splicing angles such 
as: a=5=70°, a=8=60° and a=8=45°. So maximum visibility is obtained 
for 
a=5=45°, for which Vv1. = y. In the absence of mode coupling between the two 
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polarisation states, and if a monochromatic source is used, then y=1 and, 
therefore the visibility VvIS equals unity, as shown in Figure 3.8 (Udd, 1991). 
Under conditions of maximum visibility, i. e. when VvIS = 1, stretching of the 
fibre gives a cosine-squared modulation function of the optical signal, i. e.: 
I=Io [1 + cos(Acp )] = Io cos2 (A(p / 2) 2 3.45 
A phase shift of 2it is referred to as a fringe and the number of fringes is 
proportional to the applied strain. By observing and monitoring the number of 
fringes, the strain can be determined. 
3.3.5 Strain sensitivity of a polarimetric sensor 
The relationship between optical phase change, A p, and the applied three- 
dimensional strain for a polarimetric sensor was introduced in the phase-strain 
model of Sirkis and Lo (1994). This paper presents a phase-strain model 
developed specifically for polarimetric sensors and is based on including the 
residual refractive indices in the axes of the sensing Hi-Bi fibre in terms of a set 
of residual strains induced by the manufacturing process. The general equation 
for the phase retardation, cp, as a function of strain is given by 
cp = 
27c Jn(Ey)(1 +C i i)dL 3.46 
where cp is the phase retardation at a given strain, ? is the wavelength of light 
used, n(Ei) is the refractive index as a function of strain in the core, E11 is the 
fibre strain in the direction along the fibre and L is the gauge length (Sirkis, 
1993). As discussed earlier, the optical Hi-Bi fibre has two distinct axes x and y 
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with different refractive indices introduced by a manufacturing-induced residual 
strain state (the stress rods). In Figure 3.9 and in following discussion, these 
axes are also designated as 2 and 3 for consistency with Sirkis (1994). The total 
phase retardation of the light components propagating along the axes is described 
by 
(p2 = 
271 Jn(CCr)(1+C)dL 
L 
271 
cp3 = 2: Jf3(f! 
f +Clfr)(1 
+61i)dL 
L 
3.47 
where E' is the residual strain induced during manufacture of the optical fibre. 
The phase difference between the light in each of the axes is 
A 
(p _A (p 2- 
Ap3 
The resulting phase change of the polarimetric sensor is thus given by 
3.48 
Acp = 
2TE J{{n2(Eii+Ej()-n3(EU 
+E ')]x(1+Ei1)-B}dz 3.49 k 
z 
where B= n2(6 r) - n3(C r) is the modal birefringence specified by a fibre 
manufacturer. The refractive index as a function of strain can be found from a 
standard strain optic relation (Nye, 1954) where the refractive indices are related 
to the total strain in the core of the fibre (which is a linear combination of the 
externally applied and residual strains) by strain optic coefficients, Py. 
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3.50 
where no is the refractive index of non-strained silica and nj to n6 are the 
refractive indices as a function of strain in the core of the fibre. This modelling 
approach leads eventually (for details, see Sirkis, 1994) to a relation between the 
phase change and the strain that is independent of knowledge of the residual 
refractive indices induced during the fibre manufacture. The final equation can 
be written as 
Acp = 
271 J[K1E + K2E 22 + K3E 33]dL 
L 
3.51 
where Acp is the relative phase change between two polarisation modes caused 
by three-dimensional strain; 2 is the wavelength of light in vacuum; Ell, c22 and 
E33 are the three normal strains; KI, K2 and K3 are dimensionless coefficients 
which determine the contribution of each component of the normal strains to A (p, 
and L is the sensing length. Equation 3.51 shows that the polarimetric sensor 
response is linearly proportional to the strain field as in the case of a two-beam 
interferometer. In case of Bow-Tie fibres the values of the coefficients are K1-- 
0.197, K2 =-0.714 and K3 =-0.618. It should be noted that. since K2 and K3 are 
about 3 or 4 times bigger than K1, it means that the polarimetric sensor is much 
more sensitive to transverse strain than to longitudinal strain. The coefficients 
K1, K2 and K3 for the PANDA fibre are determined experimentally in this work 
by a combination of uniaxial tension and diametrical compression tests on 
unidirectionally reinforced composites (section 7.2). 
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Interestingly, the transverse polarimetric strain sensitivity of a polarimetric 
sensor is a function of the applied load direction. Sirkis and coworkers (1994) 
first reported a variation of polarimetric phase sensitivity with the direction of an 
applied diametrical load. Lo et al (1995) similarly studied the optomechanical 
response of a diametrically loaded Bow-Tie Hi-Bi fibre and determined the effect 
of a diametrical load on the optical phase generated by polarimetric sensor as a 
function of the polar angle, 0 (see Figure 3.9 (b)). It was shown that the phase 
sensitivity to transverse load has a cyclic response and depends strongly on the 
angle between the optical axes of the sensor and the direction of applied 
diametrical load. It is, of course, the anisotropy produced by the doped regions 
(see Figure 3.4) which lead to an optical fibre being inhomogeneous and 
anisotropic. This effect will be discussed in section 7.2 for the PANDA fibre Hi- 
Bi optical fibre used in this work. 
In the next chapters, Chapters 4 and 64the obtrusivity of a sensor embedded in a 
model crossply GFRP laminate will be discussed, followed by characterisation of 
the sensitivity of a polarimetric sensor and the use of such a sensor for crack 
detection. (Chapter 7). 
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Fig. 3.2 Parts of two parallel, infinite, conducting plates. One plate is the plane 
y=0; the other is the plane y=b. A wave propagating in the z-direction between 
the plates is made up of a sum of waves travelling in the directions of the vectors 
k1 and k2. 
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Fig. 3.3 A schematic diagram of an optical fibre 
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Fig. 3.9 A cross section of PANDA fibre showing 
(a) birefringent axes of the fibre designated as x and y (2 and 3 to be consistent 
with Sirkis's derivation of the sensitivity); 
(b) the polar angle 0 between the axes of the fibre and load direction for 
diametrical loading. 
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Chapter 4 OPTIMISATION OF THE COATING OF A FIBRE OPTIC 
SENSOR EMBEDDED IN A CROSSPLY GFRP LAMINATE: RESULTS 
AND DISCUSSION 
In this chapter the effect of sensor coating thickness and Young's modulus on the 
local stress distributions around a fibre optic sensor embedded in the 00 ply of a 
cross-ply GFRP laminate has been determined. Finite element models have been 
developed for three positions of the sensor (adjacent to the 0/90 interface, in the 
middle of the ply or at the laminate surface), and a wide range of coating moduli 
(0.045 GPa to 10 GPa) and coating thicknesses (5 µm to 70 µm), which will be 
presented in section 4.2. The results are summarised in - section 4.3 
in the form of a design curve showing the optimum combinations of coating 
thickness and moduli for minimum sensor obtrusivity in such laminates. 
4.1 Introduction 
An embedded fibre optic sensor should not degrade the performance of the 
composite material and any degradation is related to the `obtrusivity' of the 
sensor, discussed in section 2.3. This section is concerned with minimising the 
obtrusivity of a fibre optic sensor in the 00 plies of a cross-ply laminate and 
establishing the optimum choice of a coating for further experimental study on 
using such sensors to monitor damage initiation in composite laminates, which is 
presented in Chapter 7. The approach has been to construct a two-dimensional 
finite-element model of the laminate containing the fibre optic sensor. By 
simplifying the geometry it has been possible to validate the FE model against 
previous closed-form solutions. Having established the validity of the FE 
modelling in this way, a parametric study then enables a design curve to be 
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constructed for the optimum thickness and coating of a fibre optic sensor in the 
00 ply of a cross-ply laminate. 
4.2 Model development and validation 
4.2.1 Geometry of the model and material properties 
A number of different finite element (FE) models have been developed for a 
fibre optic sensor located in the 00 ply of a 0/90/0 laminate. Three models were 
developed for different positions of the sensor: near the 0/90 interface, in the 
middle of the 00 ply, and near the surface of the 00 ply. For each model, different 
sensor coating thicknesses and coating Young's moduli were investigated in 
order to find the optimum combination for minimising the sensor obtrusivity. In 
each model, the displacement is applied perpendicular to the fibre optic sensor. 
This is in accord with previous work which seeks to minimise disturbances to the 
stress fields in the plane perpendicular to the fibre direction (see section 2.1). 
The general assumptions made in constructing the models were the following. 
(a) The structural fibres (E-glass) and the matrix material (epoxy resin) for 
each of the three laminate layers can be represented by a single homogeneous 
constituent. Hence for the 0° ply containing the fibre optic sensor, that layer 
consists of the sensor embedded in a host material whose properties are 
equivalent to the average properties of a material system containing the same 
structural fibre volume fraction. 
(b) Each ply of the laminate is transversely isotropic and the sensor, coating 
and host material exhibit linear elastic behaviour. 
(c) Perfect bonding conditions are assumed; there is no debonding between 
the optical fibre and its coating or between the coating and the host. 
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(d) Residual stresses in the material following the manufacturing process are 
negligible and are not included. 
(e) There is no : eye-shaped resin rich region around the sensor. 
(f) A two dimensional FE model has been developed using the plane strain 
assumption. 
The geometry and boundary conditions of the model with the fibre optic sensor 
in the middle of 00 ply is shown in Figure 4.1. Only half of the system is 
modelled since the y-z plane taken through the fibre is a plane of symmetry for 
the cross-ply laminate with the sensor. 
The sensor itself is an optical fibre with a diameter of 125 µm and a coating 
thickness in the range of 5 to 70 µm. The mesh was formulated from eight- 
noded quadrilateral ABAQUS 5.6 elements for structural analysis (type CPE8) 
using the pre-processor PATRAN 7. The mesh was carefully refined to enable 
the modelling of different thicknesses of the coating and to avoid sharp changes 
in the size of elements. An example of a mesh is shown in Figure 4.2. 
The material properties used in the analysis were the following. The elastic 
modulus value of the coating varied from compliant (i. e. 45 MPa) to stiff (10 
GPa) since this range includes commercially available optical fibre coatings. For 
the plies of the laminate, the elastic properties of the E-glass/epoxy composite 
with a volume fraction 50 % are shown in Table 4.1. The thickness of the 0° and 
90° plies is 1 mm and the laminate half-width is 10 mm. In all the models, a 
uniform displacement is applied at the edge of the laminate (see Figure 4.1). 
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4.2.2 Validation of the model against previous work 
Figures 4.3a and 4.3b show the results of the model with the sensor located in the 
middle of the 0°-ply. In this example, the coating thickness is 10 µm and results 
for a range of coating moduli are shown (i. e. for 0.045 GPa, 0.5 GPa, 2 GPa and 
10 GPa). In figure la, the value of the stress ß,, X in the host material immediately 
adjacent to the sensor coating is shown as a function of angle 0 (from -90° to 
+90°) where 0= 00 is the direction of the applied displacement (hence angles - 
900 to 00 are in directions rotated towards the 0/90 interface). The stress has been 
normalised by the stress which would exist in the material without the presence 
of the fibre optic sensor but under the same boundary and loading conditions. 
Figure 4.3b shows the results for the maximum principals stress for the same 
model, again evaluated in the host material immediately adjacent to the sensor. 
This normalisation procedure is useful because a value of unity indicates that the 
sensor is not obtrusive at all. 
In this model, the near-perfect symmetry of the stresses around 0=0° shows that 
the stress distribution local to the sensor is influenced neither by the 0/90 
interface (which is about 0.5mm from the optical sensor) nor by the laminate 
surface. For the other two positions of the sensor this is not the case. However, 
the particular value of this result is that it enables the numerical results to be 
compared directly with the closed-form analytical solutions available for 
inclusion problems, avoiding the complications introduced by surfaces or ply 
interfaces. Two such models are those by Carman and Reifsnider (1993) and by 
Lekhnitskii (1968). 
Carman and Reifsnider presented a closed-form elasticity solution for the 
problem of continuous, cylindrically-shaped inclusions coated with different 
materials: in particular, a sensor embedded in a unidirectional composite 
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subjected to transverse strain. Such a system can be represented geometrically as 
a set of three concentric cylinders: the sensor, the coating and the host. The 
stresses were normalised, as usual, by the value of the stresses at the same point 
in a material consisting entirely of the host material. 
In order to make a direct comparison between the present work and the results of 
Carman and Reifsnider, a FE analysis was performed using the material 
properties used by Carman and Reifsnider (see Table 4.2) and a coating thickness 
of 6.5 p. m in accordance with their model. A comparison of the FE results with 
the results of Carman and Reifsnider is shown in Figure 4.4. In this Figure, the 
y-axis is the value of the normalised maximum principle stress (i. e. normalised 
by the principal; stress for a host without a sensor). Both the FE results and the 
Carman and Reifsnider models show reasonably good agreement for the three 
coating moduli investigated ie 0.1 GPa, 1 GPa and 10 GPa. In particular, both 
sets of results show that a coating modulus of 1 GPa is the optimum for a coating 
thickness of 6.5 µm, since the deviation from unity is smallest for this 
combination for all angles between 00 and 900. 
For the comparison of the results of the FE modelling with the analysis of 
Lekhnitskii (1968), it was necessary to assume that the moduli of the fibre and 
the coating material were the same since the Lekhnitskii model deals with a 
circular inclusion in a homogenous, isotropic rectangular plate subjected to 
tension in the x-direction. Again the comparison is with the FE model for the 
sensor in the middle of 0°ply. The host is taken to have a modulus of 11 GPa, 
and the inclusion to have moduli of 10 GPa, 2 GPa, 0.5 GPa, 0.045GPa (see 
Table 4.3). A comparison of the analytical and numerical results for a is 
shown in Figure 4.5. For an inclusion modulus of E=10 GPa, which is very close 
to the host modulus of E=11 GPa, there is very little variation from unity, as 
expected, since the host and the inclusion moduli are so close. To understand the 
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variations shown by the curves, note that when the inclusion modulus is 0.045 
GPa (the lowest value) the normalised value of 6,,, is zero for both the analytical 
and FE results when 0=0°, and approaches the value 3 for the numerical result 
and 2.7 for the FE result at 0=90°. This inclusion modulus is small; for an 
inclusion modulus of zero, we would of course expect a value of aXXIaXX(h)=3 at 0 
=90°, the stress concentration value for a hole in a plate. In general the close 
agreement between the Lekhnitskii analytical modelling and the FE predictions 
for all values of the inclusion modulus provides a second validation of the FE 
modelling. 
4.2.3 Absolute values of the stresses 
The results shown so far have all been normalised by the stresses at the same 
point for the case when there is no inclusion/sensor. Hence, these results by 
themselves do not indicate which stress is the most significant, although the 
similarity between the shape of the results for a and the maximum : principal 
stress, 6max, certainly suggests that ßxx is the most important stress. Results 
shown in Figure 4.6 confirm this suggestion. These results show the absolute 
values of the stresses for a coating thickness of 10µm and coating modulus of 2 
GPa, with the fibre optic sensor in the middle of the 0° ply. It is clear that ßyy 
and 6,, y are negligibly small in comparison with a,, X. Hence, since the objective 
of the analysis is to minimise the obtrusivity of the sensor, it is clear that only the 
stress in the loading direction, aXX, or the maximum . principal stress, Umax, needs 
to be considered. 
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4.3 A design curve for optimised sensor coating properties in GFRP 
crossply laminate 
In a laminate manufactured using the pre-preg process, there is considerable 
flexibility in positioning the optical fibre sensor within the 00 ply layer. Hence 
three positions of the sensor have been considered as typical: at the 0/90 
interface, in the middle of the 0° ply and at the laminate surface. For each case, 
after the appropriate mesh had been generated, a number of models were run 
with a range of five different coating thicknesses and four values of different 
Young's moduli for each thickness. 
A comparison of the results for the different positions of the sensor within the 00 
ply shows that the symmetry of the stress distribution about 0=00 is most 
pronounced for the soft coatings. Figure 4.7, for example, compares the 
maximum principal stress for three positions of the fibre (in the middle of the 00 
ply, at the laminate surface and at the 0/90 interface for a 10µm sensor coating 
with Young's moduli of 2 GPa (Figure 4.7a) and 0.045 GPa (Figure 4.7b). It is 
clear that for both values of the coating Young's moduli, the stress distribution 
around the fibre are not symmetrical when the sensor is at the 0/90 interface or at 
the laminate surface but is reasonably symmetrical at the centre of the 0° ply (as 
discussed earlier). In addition, the degree of asymmetry is much more 
pronounced for the lower values of modulus coating. 
However, the parametric study has shown that for all coating thicknesses, the 
optimum Young's modulus is independent of the position of the fibre in the 00 
ply. Consequently, the results of this study can be summarised in a design curve 
for an fibre optic sensor in the 00 ply of a [0/90] cross-ply glass epoxy laminate 
showing the optimum combinations of Young's modulus and coating thickness 
for minimum obtrusivity. 
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This design curve is shown in Figure 4.8. As the coating thickness increases, the 
optimum coating modulus moves to progressively higher values, being about 10 
GPa for. a coating thickness of 70µm. In practice, small coating thicknesses are 
preferred and the choice is limited by the range of commercially available 
sensors and coatings. The design curve suggests, for example, that a 10µm 
coating thickness and a modulus of 2 GPa is an optimum combination, which 
corresponds to a commercially available optical fibre with a polyimide coating. 
A second possibility which emerges from the modelling is a sensor surrounded 
by a sheath of epoxy resin (Young's modulus, 4 GPa), provided the reinforcing 
fibres are about 10-20 µm from the sensor itself. In situations where fibre 
splicing is necessary to create a sensor (for example, in a polarimetric sensor) 
such a solution is practical providing that the stripped fibre is still handleable and 
that some form of hydrophobic coating is applied to the spliced region to protect 
the fibre from atmospheric attack. 
4.4 Practical aspects of implementing the results of FEM 
The results of FE modelling suggest that for a sensor embedded near the 0/90 
interface of a model crossply laminate a 10µm coating thickness and a modulus 
of 2 GPa would cause the minimum stress concentration around the fibre. A 
high birefringent single mode polarisation maintaining optical fibre with 9 µm 
polyimide coating is commercially available. However, in order to produce 
polarimetric sensors in-house it was necessary to make splices 
(the procedure is 
described in section 5.2). This was problematic for two reasons. Firstly, the 
splicing technique requires removing the polyimide fibre. coating of some 
length 
(usually by burning) and polyimide is a hazardous chemical, which produces 
hydrogen cyanide during burning. Secondly, recoating a sensor with a good 
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quality polyimide coating after splicing is not possible without appropriate 
industrial equipment. 
The second option, revealed by the modelling, is a bare fibre surrounded by 10- 
20 pm epoxy resin matrix. This route requires that any optical fibre coating 
needs to be removed along the length of the fibre equal to the length of the 
testing coupon, so that there is uniformity along the embedded length. To protect 
the bare fibre from moisture and to provide a strong fibre/epoxy resin interface 
the surface of the stripped optical fibre needs to be treated. An adhesion 
promoter, y-amino propyl triethoxy silane (product designation A1100), was 
chosen for the fibre surface treatment because it is both hydrophobic and 
compatible with silica and epoxy resin. The mechanism of intrinsic adhesion of 
Al 100 is that it enables the formation of strong, primary interfacial bonds across 
the optical fibre/silane/epoxy interfaces (Wang, 1993). This is termed 
chemisorption. To avoid a mechanically weak multilayer of silane, only a 
monolayer should be formed on the optical fibre surface. Commercially 
available silane does not adsorb as true monolayers, but typically forms a 
multilayerd structure. To achieve a monolayer, the optical fibres were dipped in 
0.5% wt Al 100 in ethanol solution, without any additional water, for 45 minutes, 
dried and then embedded subsequently into the laminate within two days. 
4.5 Conclusions 
Three FE models have been developed for a sensor located within the 0° ply of a 
GFRP cross-ply laminate where the sensor is located either at the laminate 
surface, in the middle of the 00 ply or at the 0/90 interface. With the sensor 
in the 
middle of the ply, the stress fields are hardly affected by the 0/90 interface or the 
laminate surface, enabling the FE model to be validated against closed-form 
models. 
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In general, the optimum combination of the coating thickness and Young's 
modulus is independent of the position of the fibre optic sensor within the 0° ply 
of the laminate and a design curve has been constructed which shows the 
optimum combinations of the coating thicknesses and Young's moduli for 
minimising the sensor obtrusivity in such GFRP cross-ply laminates. 
Based on the FE modelling for further experimental study on obtrusivity 
discussed in Chapter 6, three types of coating have been studied: (i) a 10 µm 
polyimide coating (Young's modulus, 2 GPa); (ii) bare fibre surrounded by 
epoxy resin matrix; and (iii) a 70 µm acrylate coating (Young's modulus, 0.045 
GPa). The first two cases represent minimum obtrusivity solutions from the 
point of view of the FE modelling. The third case is a high obtrusivity case from 
the point of view of the modelling. Manufacturing and experimental procedures 
will be addressed in the next chapter, Chapter 5. 
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Tables 
Table 4.1 Material properties used in the analysis 
material E (GPa) v 
silica optical fibre 72.9 0.17 
coating 10.0 
2.0 
0.5 0.34 
0.045 
composite 39.0 (E 0.303 
11.0 (E-L) 0.09 
Table 4.2 Material properties used by Carman and Reifsnider. 
material E, (GPa) v 
optical fibre 62.74 0.22 
coating 10.0 
1.0 0.31 
0.1 
composite 153 (E 11) 
7.81 (Ei) 0.25 
Table 4.3 Material properties used in the comparison with the work of 
Lekhnitskii. 
material E, (GPa) v 
inclusion 10.0 
2.0 
0.5 0.34 
0.045 
plate 11.0 0.09 
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Figures 
Constrained 
in x-direction 
y 
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Dlacement 
optical fibre 
coating 5-7( 
Fig. 4.1 Geometry, dimensions and boundary conditions used for finite element 
model for the fibre optic sensor in the middle of the 0-ply. 
Fig. 4.2 Finite element mesh for the model for the fibre optic sensor in the 
middle of the 0-ply. 
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Fig. 4.3 Stresses in the host around the fibre in the middle of 0-ply with 10µm 
coating thickness 
(a) stress in loading direction, c v,,,,, (b) maximum principal stress, 6max(b). 
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(after Carman and Reifsnider as lines and FE results as dots). 
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Chapter 5. MATERIALS AND EXPERIMENTAL PROCEDURE 
In this chapter materials manufacturing and mechanical test methods used in the 
experimental study on obtrusivity and damage detection will be described 
starting with the manufacturing procedure of unidirectional and crossply GFRP 
composites with embedded optical fibres in section 5.1. For the experimental 
study on obtrusivity, passive optical fibres were embedded with three types of 
coating: (i) a 10 µm polyimide coating; (ii) bare fibre surrounded by epoxy resin 
matrix; and (iii) a 70 µm acrylate coating. These coatings were chosen according 
to the finite element modelling presented in the previous section. Polarimetric 
sensors were used for crack detection and fabrication of these will be described 
in section 5.2. However, the coupons manufacturing procedure was essentially 
the same, as for coupons with passive fibres. The following sections (sections 
5.3 and 5.4) will introduce mechanical test methods for passive optical fibres 
and polarimetric sensors, respectively. 
5.1 Manufacture of composite materials with embedded fibre optic 
sensors 
Crossply 0/90/90/0 glass/epoxy laminates were fabricated, both with passive 
optical fibres and optical sensors, using a filament winding/wet lay-up technique 
(Boniface, 1989). The fibre optic sensors were embedded in the 0° ply, parallel 
to the reinforcing fibres and adjacent to the 0/90 interface. Firstly, reinforcing 
fibres were wound on a steel square frame and then the optical fibres were glued 
on top of them into the grooves of the frame perpendicular to the reinforcing 
fibres as shown in Fig. 5.1. Secondly, glass fibres of 00 ply were wound parallel 
to the optical fibres leaving sufficient optical fibre exposed at 
both ends for 
connections to be made. Optical 
fibres were embedded into the unidirectional 
laminates by gluing the optical fibres into the grooves on the empty steel square 
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frame and the reinforcing fibres were wound on top of them. Finally, the epoxy 
matrix containing Stag Epoxy Resin 300 (100 parts by weight), Nadic Methyl 
Anhydride (60 parts by weight) and Stag curing agent K61B (4 parts by weight) 
was cured at 100°C for 3 hours. 
Plain rectangular test coupons, 230mm in length and 20mm wide, were cut from 
the laminates using a water-lubricated diamond saw with a nominal 600-grade 
grit finish. In all cases, the fibre optic sensor has located towards the centre of the 
coupon (see Figure 5.2). Coupons were cut out before post-curing at 150°C for 3 
hours. After post-curing, aluminium alloy end tabs, either 50 mm or 20 mm long 
and 20 mm wide, were bonded to the coupon to avoid damage to the surface plies 
in the testing machine grips during loading. Adhesion was promoted by lightly 
abrading the surface of the coupon and etching the end tabs in a solution of 
sodium dichromate and sulphuric acid. 
The thickness of the individual plies in the laminates varied depending on 
fabrication conditions and was measured for each laminate using a Zeiss 
photomicroscope. The 0° plies on the surfaces, and the centre 900 ply, were each 
about 1±0.1 mm thick (giving a total thickness of about 3 mm). The fibre 
volume fraction of the specimens was determined using a matrix burn-off 
technique. The average fibre volume fraction was about 0.50 ± 0.05. 
5.2 Manufacture of polarimetric sensors 
Polarimetric sensors are attractive because of their simple construction as 
described in section 3.3.3. They were made using a single mode, polarisation 
maintaining fibre (Panda fibre - the high-birefringent 
Fujikura Europe Ltd fibre). 
A protective Nylon coating about 150 mm 
long was removed from the fibre (the 
treatment of the bare fibre was described in section 4.4). Localisation of the 
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sensor within the composite was achieved by rotating the axes of the fibre 
through 45° in the sensing section relative to the orientation in the lead-in/out 
sections of the optical fibre. Splicing was carried out using a Fujikura fusion 
splicer. The particular attraction of splices over connections are that the former 
have a lower loss and are mechanically more tolerant. The splice involves a V- 
groove technique to align the fibres to be joined at the necessary angle. The 
automatic alignment procedure was followed to ensure that the coupling between 
two fibres is optimum. The final joining was completed by using spark fusion. 
The length of the sensing part of the optical fibre varied from 30 to 80mm. A 
standard optical fibre connector (catalogue type FCPC) was attached to the end 
of the lead-out fibre to connect it to a photoamplifier. Both splicing and 
connector mounting require very careful preparation of the end faces of the fibre. 
The end should be both perpendicular to the axis of the fibre and have a surface 
that is optically flat. This was achieved by using a Fujikura cleaver and polishing 
the fibre end with a single mode one-piece FC connector kit. 
5.3 Test methods with passive optical fibres 
5.3.1 Quasi-static loading 
Quasi-static tensile tests were performed using an Instron 100 kN-capacity 
screw-driven machine and an Instron servo-hydraulic testing machine (8000) 
under load control (ramp function). The testing speed was equivalent to 0.5 mm 
per minute for all tests. A 50 mm gauge-length Instron extensometer was used 
for monitoring longitudinal strain. The extensometer knife edges rested on 
grooved seats, made of epoxy adhesive, to prevent them 
from slipping during the 
test. During each test, the specimens were loaded to progressively higher strain 
levels and unloaded for damage observations up to 1% strain. Load and strain 
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were recorded using a data logger, while the damage state was monitored directly 
using a digital camera. Crack density, i. e. a number of cracks per unit length, 
was measured for each strain level. 
5.3.2 Fatigue loading 
Load-controlled tension-tension fatigue tests were carried out using an Instron 
servo-hydraulic testing machine (8000) at a frequency of either 5 Hz or 10 Hz 
and stress ratio, R, (R = minimum stress/maximum stress) of 0.1 and a sinusoidal 
waveform. The laminate stiffness was measured at the beginning of the test for 
each coupon and then fatigue test parameters were calculated to give two 
different strain levels: 0.3% or 0.45%. These strain levels were selected to give 
strains just above and below the static cracking threshold strain of 0.4%, which 
was established in quasi-static tests (section 5.3.1). The development of 
transverse ply cracks was deduced from the pictures taken with the digital 
camera at intervals throughout the tests. For a particular crack, the crack length 
was measured, normalised by the width of the coupon and plotted against the 
number of cycles. A thermocouple attached to the surface of the sample 
confirmed that the specimen temperature did not increase as a consequence of the 
fatigue cycling. 
5.4 Test methods with polarimetric sensors 
5.4.1 Optical arrangement 
A schematic diagram of the experimental arrangement, is shown 
in Figure 5.3. 
Linearly polarised light from a He-Ne gas laser, 633 nm operational wavelength 
was launched into one of the axes of the fibre using a single-mode coupler. 
Optical coupling from a free space gas laser to the fibres depends on achieving a 
79 
Chapter 5 
match between the size and numerical aperture of the core of the fibre and that of 
the laser. It was possible to achieve reasonably good matching with a Newport 
F-91 series precision fibre coupler. 
Separation of the orthogonal modes of the optical signal was achieved by 
bending the lead-out part of the optical fibre (shown as a loop in Figure 5.3), 
which causes the loss of one of the modes through the cladding (see section 
3.3.3). An appropriate bend radius was determined experimentally by repeating 
the same quasi-static test between 0% and 0.3%, at a strain rate of 0.006%/s with 
different bend radii of the lead-out optical fibre. Figure 5.4 shows an example of 
an optical output against time for three radii (labelled 1,2 and 3). Fringes are 
practically invisible for bend radius 1 of about 20 mm. Radius 2 of about 5 mm 
gives some fringes, but the clearest sinusoidal variation is for the bend radius 3 
of about 3 mm and it is clear that this gives the optimum visibility of fringes. 
Thus, the simple method of separating polarisation states by coiling the lead-out 
fibre is adequate and was used during the experiments in this project. However, 
during the curing of the laminate in the oven the ends of the optical fibres 
emerging from the panel were covered sometimes with resin introducing a 
permanent pre-bend, which decreased the quality of the results from that coupon. 
It is not clear how this could be avoided with the current fabrication procedure 
and still produce specimens of very high transparency. 
After separation of the modes, the lead-out fibre was connected to the 
photoamplifier, which was an in-house transconductance amplifier with a pin 
photodiode (catalogue type BPW87) as the active device. The optical output was 
converted to a voltage and recorded simultaneously with the 
load and strain 
signals by the Instron servo-hydraulic controller operating at a sampling 
frequency of 1000 Hz. Demodulation techniques or filters were not used 
during 
data acquisition. In the fatigue experiments, 
it was necessary for the data to be 
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filtered subsequently using a Fast Fourier Transform filter. The methodology of 
this filtering is described below. 
The optical output was monitored by sampling a signal at regular intervals of 
time with frequency of 1000 Hz. Therefore, the measured output is in the time 
domain and a function of time. In order to separate frequencies of interest due to 
the development 
_of cracks the optical output was filtered digitally. To filter in 
the frequency domain is more convenient and commonly used in frequency 
analysis. A computer algorithm of a commercial package to do this usually 
involves the following steps (see ORIGIN manual, 1999): 
1. input the whole data record; 
2. convert to frequency domain using the Fast Fourier Transform (FFT), which 
is a fast computer method for the well-known Fourier transform; 
3. multiply the FFT output by a filter function; 
4. curry out an inverse Fast Fourier Transform to get back a filtered data set in 
the time domain (see Numerical recipes for more details). 
There are four common types of frequency filters and their functions are shown 
schematically in Figure 5.5: (a) low pass, (b) high pass, (c) band pass and (d) 
band reject. The purpose of these filters is to allow some frequencies to pass 
unaltered, while completely blocking other frequencies. The passband refers to 
those frequencies that are passed, the stopband contains those frequencies which 
are blocked. The transition band is between. The division between the passband 
and transition band is called the cutoff frequency. If the interesting part of the 
signal lies in a certain frequency band, a band pass filter is used (see Figure 5.5 
c). The characteristics of digital filters can be found in Smith (1999). 
In this project the standard FFA' bandpass filter appearing in the commercially 
available package ORIGIN was used. For consistency, the same cutoff 
frequencies were determined for all the data. 
81 
Chapter 5 
5.4.2 Quasi-static loading 
Tensile tests, parallel to the 0°plies were performed on an Instron servo-hydraulic 
testing machine in load control, using a ramp function from 0.1 kN to 6.5 kN. A 
load of 6.5 kN, corresponding to a strain of about 0.4%, was equivalent to a 
strain below the matrix cracking threshold and this maximum load was used for 
the calibration tests. Loading from 0.1 kN to 11.5 kN was used for introducing 
cracks. The testing speed was equivalent to 0.5 mm per minute. Standard self- 
tightening Instron grips were modified to accommodate the optical fibres 
emerging from the samples. Longitudinal strain was measured by an 
extensometer attached to the surface of the coupons in the same way as described 
in section 5.3.1. 
In order to investigate the transverse : response of the sensor-, unidirectional coupons 
were tested in compression. The set-up for these compression tests is shown in 
Figure 5.6. A load of 400 N was applied manually in 50 N steps (using 5 kg 
weights), perpendicular to the width of unidirectional coupons i. e. perpendicular 
to the reinforcing glass fibres. A corresponding phase change of the optical 
signal was recorded by the Instron computer. T-shape parts were used to ensure 
the loading in the gauge area. 
5.4.3 Fatigue loading 
Load-controlled tension-tension fatigue tests were carried out using an Instron 
servo-hydraulic testing machine at frequencies of 10 
Hz with a sinusoidal 
waveform and stress ratio, R, (R = minimum stress/maximum stress) of 
0.1. In 
each test, a peak load level equivalent to a strain 
level of 0.35% was used, which 
corresponds to a load just 
below the static cracking threshold strain of 0.4%. 
During the tests a 50 mm gauge length dynamic extensometer was used to 
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measure longitudinal strain. Matrix crack propagation across the coupons was 
recorded using a SVHS, high resolution video camera, enabling the position of 
the crack relative to the sensor to be determined directly. Time on the video tape 
and on the computer were synchronised. Load, strain and optical output were 
monitored as described above. Subsequent to the mechanical testing, specimens 
were sectioned and polished down to the crack plane using standard polishing 
techniques for optical microscopy and scanning electron microscopy as described 
in the next section. 
5.5 Optical microscopy and scanning electron microscopy 
Samples to be prepared for microscopy were first mounted in Struers epofix cold 
cure resin or bakelite. The surface of interest, normally that perpendicular to the 
optical fibre direction, was then polished using a Struers Planapol-2 polishing 
machine fitted with a Pedemax-2 rotating head and the associated polishing media. 
Reflected light microscopy was performed using a Zeiss Axiophot light 
microscope. This was adequate for low resolution work, such as measuring the 
thicknesses of the plies whithin different coupons. 
Higher resolution imaging of the optical fibre necessitated the use of scanning 
electron microscopy. A Hitachi S3200N (SEM) with variable pressure facility was 
used during the course of the study. The use of a SEM with a variable vacuum 
chamber meant that samples did not need to be coated prior to examination. 
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Figures 
Glass 
fibres 
Optical fibres 
Fig. 5.1 A schematic diagram of a steel square frame with wound 90°ply and 
glued optical fibres. 
Fig. 5.2 An example of a transparent coupon, with a fibre optic sensor 
in the 
middle, in the grips of the fatigue machine. 
The width of the specimen is 20 mm. 
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Fig. 5.3 A schematic diagram of the experimental arrangement. 
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Fig. 5.4 Optical output showing visibility of fringes (sinusoidal modulation of 
intensity) for different bend radii of lead-out optical fibre. 
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Figure 5.5 The four common frequency responses. Frequency domain filters are 
generally used to pass certain frequencies (the passband), while blocking others 
(stopband). Four responses are the most common: low pass (a), high pass (b), 
band pass (c) and band reject (d). 
load 
coupon 
laser detector 
Fig 5.6 Experimental set-up for compression tests. 
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Chapter 6 INTERACTIONS BETWEEN MATRIX CRACKS AND 
PASSIVE OPTICAL FIBRES: RESULTS AND DISCUSSION 
In Chapter 4 the mechanical interactions between the optical fibre and the host, 
which lead to perturbations in the stress field in the host around the fibre, were 
considered. The results of the finite element modelling showed that the stress 
field could be minimised by choosing the optimum fibre coating and thickness. 
In this chapter the obtrusivity of the embedded optical fibres with three different 
coatings was studied experimentally. 
6.1 Introduction 
In the work to be described in this chapter, interactions between the optical fibre 
and matrix cracks are discussed and the obtrusivity of an optical fibre 
investigated experimentally with respect to its affect on matrix cracking in a 
model GFRP crossply laminate. Matrix cracking has been used for two reasons. 
Firstly, matrix cracking is the predominant damage mechanism in the initial 
stages of mechanical degradation of laminates containing off-axis plies and the 
mechanics are reasonably well understood and were presented in sections 2.3 and 
3.2. Secondly, if such fibres are to be used to monitor damage in composite 
structures, it is important that the interaction between the fibre and the host 
composite material, especially with regard to damage development initiated by 
the fibre itself, is well understood. Hence, matrix cracking is a useful and 
practical tool with which to probe obtrusivity, although others have used 
different measures of obtrusivity such as composite strength e. g. (Roberts et al, 
1991), microcrack distribution in the vicinity of low velocity impact sites (Sirkis 
et al, 1994) and mode 1 fracture toughness (Choi et al, 1998). 
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The first part in the experimental work, section 6.2 will be a direct comparison of 
damage accumulation in crossply laminates with and without optical fibres in 
order to determine the effect of the inclusion of the fibre on compoite laminates 
under quasi-static loading. This is followed by the fatigue loading in the second 
part, section 6.3. 
6.2 Quasi-static loading 
For the experimental study on obtrusivity under quasi-static loading, three types 
of coating have been studied: (i) a 10 µm polyimide coating; (ii) bare fibre 
surrounded by epoxy resin matrix; and (iii) a 70 µm acrylate coating. The first 
two cases represent minimum obtrusivity solutions from the point of view of the 
FE modelling. The third case is a high obtrusivity case from the point of view of 
the modelling. 
Quasi-static tensile tests were performed on an Instron testing machine as 
described in chapter 4.3.1. During each test, the specimens were loaded to . 
progressively higher strain levels and unloaded for damage observations. Load 
and strain were measured using a data logger, while the damage state was 
recorded directly using a digital camera. The crack density was measured as a 
function of applied strain. 
The data obtained on crack accumulation under quasi-static loading areshown in 
Figure 6.1. Crack density as a function of applied strain for specimens without 
an optical fibre are shown as the mean value for 10 tests with error bars of one 
standard deviation. The data for specimens with an embedded optical 
fibre with 
a 70 µm acrylate coating are shown in the same figure for 7 
different coupons. 
Figure 6.2 represents similar data for an embedded optical fibre with a 10 µm 
polyimide coating. 
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In all coupons with and without optical fibres transverse cracking begins as the 
applied strain is increased above a threshold strain of 0.4%. Cracks initiate at the 
free edge and propagate across the thickness and the width of the transverse ply 
almost instantaneously. The number of cracks increases with increasing applied 
strain, which is consistent with previous work (eg. Tong et al 1997). It is clear 
that the results for specimens containing embedded optical fibres fall within the 
normal sample to sample variation of specimens without optical fibres. In 
particular, it is important to note that the inclusion of the optical fibre does not 
affect the cracking threshold. In fact, none of the cracks were initiated near the 
optical fibre and almost all of the cracks in all specimens were initiated at the 
edges of the coupons. The initiation of the cracks at the coupon edge, 
irrespective of the presence of the optical fibre, suggested that it was not 
necessarily the lack of obtrusivity of the optical fibre which was dominating the 
behaviour, but rather the tendency for cracks to initiate at the edges of crossply 
coupon with relatively thick transverse plies. 
Figure 6.3 shows similar crack accumulation/strain results for the embedded bare 
optical fibre. These results appeared to show a difference with the samples tested 
without optical fibres since the crack density for coupons with optical fibres at all 
strains appears lower than for the panels without optical fibres. Further tests 
were therefore carried out using coupons from the same laminate plate, but 
without optical fibres. The results (shown in Figure 6.4) indicate that for this 
panel the crack accumulation with strain was lower than for the panels tested 
previously with and without optical fibres. Hence, the inclusion of a bare optical 
fibre has not affected the accumulation of cracks, and the stress concentration 
caused by the inclusion of an optical fibre with an obtrusive coating (i. e. the 
acrylate) or with the optimum coating (i. e. polyimide) is less, in both cases, than 
any free edge effect with regard to crack initiation and crack accumulation in the 
specimens. 
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6.3 Fatigue loading 
In contrast to the quasi-static results, the results under fatigue loading indicate 
that the presence of the optical fibre can interact with damage development and 
must be taken into account. Load-controlled tension-tension fatigue tests were 
carried out using an Instron servo-hydraulic testing machine (see section 5.3.2). 
Under fatigue loading, it was found for strains both above and below the quasi- 
static cracking threshold that the cracks initiated at the coupon edges and not 
near the optical fibre. Having initiated at the edge, crack growth across the width 
of the coupon occurred at a constant rate for the higher peak strain (0.45%), as 
found in previous work (Boniface et al, 1991). However, observations of crack 
growth at the lower peak strain (0.3%) suggested that in the vicinity of the 
optical fibres, the crack growth rate was reduced. 
Figure 6.5 shows a typical result for matrix crack growth for a coupon cycled at a 
peak strain of 0.3%. The crack initiates at one edge after about 18,000 cycles 
and then grows at a roughly constant rate until it approaches the position of the 
optical fibre, which for this specimen was slightly away from the mid-point of 
the coupon. For about Y2 mm on either side of the optical fibre, the crack growth 
rate reduced significantly so that visually the crack appeared dormant. In the 
example shown in Figure 6.5, the crack began to grow again at its original 
growth rate after about 10,000 cycles. Figure 6.6 shows the similar behaviour of 
another crack. Again, the growth rate was reduced for about 1/2 mm either side of 
the optical fibre: in this case for about 30,000 cycles. 
The relationship between the growing cracks and the optical 
fibres was 
investigated further by preparing cross sections of the cycled coupons as close to 
the planes of the matrix cracks as possible. 
Optical and scanning electron 
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microscopy showed that there was no debonding between the optical fibres and 
the rest of the composite (for example, Figure 6.7). The sectioning of the 
composites did reveal, however, that the position of the optical fibre could vary 
quite significantly in relation to the position of the 0/90 ply interface (see Figures 
6.8 and 6.9). Indeed, when the period (in cycles) of the apparent dormancy of 
the growing matrix crack was plotted against the distance of the optical fibre 
from the 0/90 interface, a clear relationship emerged. This period reduces as the 
distance of the sensor from the 0/90 interface increases (Figure 6.10) and falls 
roughly by a factor of 4 for each 100µm increase in the distance of the optical 
fibre from the interface. 
It has been found in earlier work that the fatigue growth of matrix cracks in 
crossply laminates can be described using linear elastic fracture mechanics (see 
section 3.2). Experimental observations on the fatigue crack growth of 
transverse ply cracks indicate that, as in the present case, matrix cracks grow at a 
constant rate once initiated. Modelling the matrix crack growth rate has been 
reduced to the problem of deriving an expression for the strain energy release 
rate of a growing crack and then using a form of the Paris crack growth law 
(Boniface et al 1991), i. e. 
da 
= A(OG)m dN 
6.1 
where a is a crack length, N is a number of cycles, AG is the strain energy release 
rate range, and A and m are constants. The exponent m in equation (6.1) was 
found to have a value of about 5 for thick transverse plies. 
A consequence of the relative simplicity of this expression for the present 
observations is that it provides a useful starting point from which to 
discuss the 
interaction of the growing matrix cracks with the fibre optical sensor. Following 
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Boniface et al (1997), the strain energy release rate for the growth of a crack 
which does not interact with other, neighbouring cracks, is 
G =(, + 
ba E2 
Eo 
(, bý 
-i- 6T 
E' o 
? E, E2 6.2 
In equation (6.2), EI and E2 are the ply moduli parallel and perpendicular to the 
fibres, Eo is the rule-of-mixtures modulus of the (uncracked) laminate, 6T is the 
thermal stress in the transverse ply, b and d are the thickness of the outer 0° ply 
and the half-thickness of the inner 900 ply. The shear-lag parameter a, is given by 
ý, 2 = 
3G23(b+d) 
d2 bE, E2 6.3 
where G23 is the out-of-plane shear modulus, although other expressions for 2 
could also be used (for example, Lee et al, 1990). Inspection of equations 6.2 
and 6.3 shows that the expression for the strain energy release rate has a strong 
dependence on El, the modulus of the 00 plies. The local value of E1 in the 
vicinity of the optical fibre is enhanced because the optical fibre has replaced 
about 40 structural fibres and associated resin. Hence, when the growing matrix 
crack reaches the region. immediately adjacent to the optical fibre, equations (6.2) 
and (6.3) suggest that the energy release rate is reduced by a factor R given 
approximately by 
1.5 0.5 
R 
Eof Elf 
Eo EI 
6.4 
where Eof is the Young's modulus of the crossply laminate with an optical fibre 
and Elf is the Young's modulus of the 0° plies with an optical fibre. Equation 6.4 
enables an upper limit for the effect of the optical fibre to be obtained by 
assuming that the whole of each 0° ply has the same Young's modulus as the 
sensor. In that case equation 6.4 suggests that the strain energy release rate, G, 
would be reduced by about 30%. 
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A better model for the effect on the strain energy release rate requires that a local 
change in stiffness due to the optical fibre is taken into account. A complete 
three-dimensional solution of this problem has not been attempted here, but an 
existing two-dimensional finite element analysis under generalised plane strain 
conditions has been modified (Le Page et al, 2000). To preserve the symmetry, 
one-half of the optical fibre was added either side of the 90°-ply so that, overall, 
the stiffening due to the optical fibre is equivalent to the experimental situation 
(Figure 6.11). The geometry used here enables the strain-energy release rate to 
be calculated only for the situation where the crack is, in effect, passing the 
equator of the optical fibre, because in this two-dimensional model, the 
properties of the optical fibre are introduced as two sheets of material with a 
combined thickness equal to the optical fibre diameter (Figure 6.11). Although it 
has an obvious limitation, the value of this model is that the distance of the 
optical fibre from the 0/90 interface can be varied easily. Hence, the variation in 
G with the distance of the optical fibre from the 0/90 interface can be determined 
and is shown in Figure 6.12 as a function of distance. The strain energy release 
rate increases from a value of about 203J. ý-m-2 when the optical fibre is 
immediately adjacent to the interface, to a value of about 218J'm 
2 when the 
optical fibre is distant from the interface, a change in the strain energy release 
rate of about 7%. Figure 6.12 also shows the experimentally measured matrix 
crack growth rates when the cracks are growing in the vicinity of the optical 
fibres. The matrix crack growth rate in the vicinity of the optical fibre is very 
difficult to measure experimentally since the growth rates are very small. The 
crack growth rates shown in Figure 6.12 are calculated using data of the type 
shown in Figures 6.5 and 6.6. To obtain a crack growth rate, the 
distance over 
which the growth rate is reduced (i. e. about 1 mm) has 
been divided by the 
number of cycles over which the crack appears 
dormant. Figure 6.12 shows that 
both the crack growth rate and the strain energy release rate increase with the 
distance of the optical fibre from the interface, in agreement with equation 
6.1, 
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although the measurements of the crack growth rates in the vicinity of the optical 
fibre are too uncertain to establish the value of the exponent, m. 
6.4 Conclusions 
The experimental work shows that for a model GFRP crossply composite 
laminate having a thick transverse ply, the obtrusivity of an optical fibre 
embedded in the 00 ply near the 0/90 interface is not large enough, even with a 
poorly optimised coating, to affect the site of matrix crack intiation or subsequent 
crack accumulation under quasi-static loading. 
Under fatigue loading, crack initiation was again insensitive to the presence of 
the optical fibre. However, the presence of an optical fibre inhibited significantly 
the fatigue growth of transverse ply cracks at low peak cyclic strains. The 
influence of the optical fibre on crack growth falls away rapidly with the distance 
of the optical fibre from the 0/90 interface. The reduction in the fatigue crack 
growth rate of the matrix cracks in the vicinity of the optical fibre can be 
understood in terms of the effect on the strain energy release rate of a local 
stiffening of the 0° ply. 
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Fig. 6.1 Average values for crack density as a function of applied strain for the 
coupons without optical fibre (error bars show one standard deviation) and 
results for coupons with embedded optical fibre having a 70µm acrylate coating. 
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Fig. 6.2 Average values for crack density as a function of applied strain for the 
coupons without optical fibre (error bars show one standard deviation) and 
results for coupons with embedded optical fibre having a 10µm polyimide 
coating. 
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Fig. 6.3 Average values for crack density as a function of applied strain for the 
coupons without optical fibre (error bars show one standard deviation) and 
results for coupons with embedded 125µm diameter bare optical fibre. 
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Fig. 6.4 Comparison of damage accumulation for coupons with embedded 
125µm diameter bare optical fibre and coupons without optical fibres taken from 
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Fig. 6.5 Graph showing normalised crack length against cycle number for a 
matrix crack growing across the width of a coupon under cyclic loading. The 
crack growth rate is reduced in the vicinity of the optical fibre for about 10,000 
cycles. 
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Fig. 6.6 Graph showing normalised crack length against cycle number for a 
matrix crack growing across the width of a coupon under cyclic loading. The 
crack growth rate is reduced in the vicinity of the optical fibre for about 30,000 
cycles. 
Fig. 6.7 An SEM micrograph of a polished cross-section of a coupon showing 
that there is no debonding at the interface between the optical 
fibre and the rest 
of the composite. 
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Fig. 6.8 An SEM micrograph of the cross-section of a coupon sectioned close to 
the plane of the crack which had shown the crack growth behaviour of Figure 
6.5. 
Fig. 6.9 An SEM micrograph of the cross-section of a coupon sectioned close to 
the plane of the crack which had shown the crack growth behaviour of Figure 
6.6. 
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Fig. 6.10 The period of apparent dormancy of the growing crack (in thousands of 
cycles) as a function of the distance of the optical fibre from the 0/90 interface. 
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Fig. 6.11 Schematic diagram showing the geometry of the finite element model 
used, with one half of the optical fibre positioned at equal distances either side of 
the 90°ply. 
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Fig. 6.12 Calculated strain energy release rates and measured matrix crack 
growth rates as a function of the distance of the optical fibre from the 0/90 
interface. 
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Chapter 7 DETECTION OF MATRIX CRACKS USING 
POLARIMETRIC SENSORS: RESULTS AND DISCUSSION 
7.1 Introduction 
In this chapter the results of experiments using polarimetric sensors to detect 
damage development are described, specifically the growth of matrix cracks in a 
crossply composite laminate. Unlike previous studies, the transparent nature of 
the composites used in this work enables the point at which the cracks interact 
with the sensor to be observed directly. Initial experiments with an active sensor 
focused on detecting crack initiation during quasi-static loading. However, 
during quasi-static loading of a crossply laminate, a simultaneous and rapid 
growth of more than one crack usually occurs and changes in the optical output 
due to the growth of a single crack cannot be determined. The quasi-static test 
results will be described in section 7.3. By contrast, in fatigue loading under 
specified test parameters, one fatigue crack almost always interacts with the 
sensor before other cracks. In section 6.3 the effect of the optical fibre on the 
fatigue growth of these cracks was discussed. In section 7.4 the detection of the 
growth of the first fatigue crack using an active sensor will be addressed. Before 
proceeding to these results, the measured output characteristics of the sensors 
used in this work are presented. 
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7.2 Calibration of polarimetric sensors in unidirectional laminates 
7.2.1 Experimental results 
In order to determine the performance characteristics of in-house made sensors, 
the sensors were embedded in the middle of unidirectional composites about 2 
mm thick, parallel to the reinforcing fibres. The method of fabrication was 
similar to the technique for producing 0/90 laminates and has been described 
earlier (see section 5.1). The absence of off-angle plies allowed simpler 
interpretation of the optical output and a comparison with previously published 
work to be made. 
The response of a short gauge length polarimetric sensor embedded in an 
isotropic material was described in detail in section 3.3.4. In accordance with the 
results discussed in section 3.3.4, the output of a polarimetric sensor with applied 
strain has a linear response. The sensitivity, or coefficient of proportionality, is a 
combination of longitudinal and transverse components. In order to determine 
these components for the sensor used here, two types of tests were performed. 
To measure the longitudinal sensitivity, unidirectional coupons were loaded 
quasi-statically in the longitudinal direction as described in section 5.4.2. The 
longitudinal strain was recorded by an extensometer attached to the surface of the 
coupon simultaneously with the optical output. Figure 7.1 shows a 
representative example of the experimental strain obtained from the 
extensometer and the corresponding intensity signal from the polarimetric sensor. 
The upper curve shows a strain increase from 0 to 0.4% during loading over 100 
seconds and the decrease in strain with unloading of the coupon. The lower 
curve on the graph is the optical output, showing the typical response of 
polarimetric (or other interferometric sensors) i. e. a raised sinusoidal wave, with 
increasing applied strain (see section 3.3.3). 
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The relationship between the applied strain and the phase of the sensor signal can 
be obtained from this data. The longitudinal phase sensitivity, Si,,,, ýis defined as 
Saxial =1d 
«p 
L ddi 7.1 
where L is the gauge length of a sensor, Ate is the change of phase and El is the 
measured longitudinal strain i. e. in the direction along the optical fibre. The 
axial sensitivity from the experimental data for five similar coupons is presented 
in Table 7.1 and was found to be 47.8 ± 2.8 rad/mm, where 2.8 is the standard 
deviation. This compares favourably with the results for a non-embedded Hi-Bi 
PANDA fibre of 42.1 rad/mm (Ohtsuka Y, 1987). This result, that the sensitivity 
of an embedded sensor is slightly higher than a free sensor agrees well with the 
results obtained earlier by Hadjiprocopiou (1995). It is due to the fact that the 
transverse strains in a free sensor are only due to the Poisson's ratio of silica i. e. 
the material from which the optical fibre is made. However, for an embedded 
sensor, the transverse strain mismatch between the sensor and the host material 
would be expected to modify the results slightly. 
To determine the transverse sensitivity of the embedded sensor the compression 
tests described in section 5.4.2 were carried out. A load of 400 N was applied 
perpendicular to the width of the coupon and the corresponding phase change of 
the optical signal was recorded. The sensitivity in this case can be defined 
following Sirkis (1994) as: 
Slrans =I 
d((p) 
L dP 
7.2 
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where L is the gauge length of a sensor, cp is a change of phase and P is the 
compressive load. The results are shown in Table 7.2 
After the tests, these unidirectional coupons were cut and polished in the sensor 
length area and micrographs of the cross-sections were examined using a 
scanning electron microscope (SEM) (for example, see Figure 7.2). The 
orientation of the geometrical axes of the fibre relative to the direction of the load 
was obtained from these images, taking into account that the load was 
perpendicular to the surface of the coupon. The load direction and optical fibre 
axes are defined in Figure 7.3 which, for clarity, resembles the micrograph in 
Figure 7.2. The optical axes are shown as 2 and 3,0 is the angle between the 
direction of the applied load and the 2-axis of the fibre and the 1-axis is parallel 
to the length of the optical fibre. 
The experimentally measured transverse sensitivity was plotted against the polar 
angle 0 and shown in Figure 7.4. The error bars on the four results shown 
represent the uncertainties in the polar angle, 0, measured from the micrographs 
and the uncertainties in the phase change measurements. The only available ' 
comparison for these results are the results for a non-embedded Bow-tie fibre 
tested under transverse loading by Sirkis (1994); these results are also shown in 
Figure 7.4. Although the data is limited, the variation in the transverse response 
found here is similar to the Sirkis data. In both cases there is a minimum in 
transverse sensitivity when 0 is about 90°, and a maximum when 0 is close to 0° 
or 180°. There is maximum sensitivity at the angle 0 0° i. e. when the load is 
applied in the direction of the rods of the optical fibre in both cases. The 
quantitative difference is probably due to the different types of optical fibres, as 
shown below. 
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7.2.2 Derivation of the required parameters 
As discussed in section 3.3.5, in the phase-strain model for an embedded 
polarimetric sensor, the final expression for the phase change is given by: 
Ap= 
27c j(K, EI +K2c2 +K3E 3)dL k 7.3 
Here, A (p is the relative phase change between two polarisation modes caused by 
the strain field; 2, is the wavelength of light; E1, s2 and s3 are the three strains 
relative to the axes of the optical fibre (see Figure 7.3); L is the sensing length 
and K1, K2 and K3 are the coefficients which determine the contribution of each 
strain component to A (p. 
The longitudinal tension and transverse compression tests described in section 
7.2.1 enable the modal parameters, K1, K2 and K3, to be determined. Assuming 
perfect bonding conditions between the transversely isotropic unidirectional 
laminate and the optical fibre, three equations can be obtained from the 
experimental results. The first equation was developed using the experimental 
results for longitudinal sensitivity and equation 7.3. Now. the transverse strains 
for a sensor embedded in a unidirectional laminate can be found by elasticity 
theory solutions for transversely isotropic host material with a circular, isotropic 
elastic inclusion (Christensen, 1979; Dasgupta et al, 1992; Sirkis, 1993). If the 
longitudinal strain cl, then the transverse strains are given by: 
C12(C23 
-C22) -A'f(C23+C22) 7.4 
E2 -E3 - (C23 C22*C%1'f +Gf) -(C23 -C22) 
£1 
where CV are the coefficients of the stiffness matrix of the unidirectional laminate 
and Xf and Gf are Lame constants of the optical fibre (Sirkis, 1993). Then, for the 
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embedded polarimetric sensor under tension considered here, equation 7.3 
becomes 
ASP = 
27c j(K1 
-v'K2 -v'K3)c, dL k 7.5 
where Er is a longitudinal strain and v' is the effective Poisson's ratio of the 
embedded optical fibre, which is v'= - 
E? 
_-E3 and from equation 7.4 is given £, CI 
by: 
Cl2(C23 
-C22)-X f 
(C23 +C22) 
(C 
23 _C22l 
2\2f +Gf)-(C23 -022) 
7.6 
The material parameters for the unidirectional laminate and the embedded sensor 
are shown in Tables 7.3 and 7.4. Expressions for Coq are presented in Table 7.5 
from which a value for v' = 0.2 is found. (Note that the optical axes (1,2,3) in 
Table 7.5 are related to the composite axis (z, y, x) in Table 7.3, as shown in 
Figure 7.3. For a unidirectional composite, there is no difference between axes x 
and y or 3 and 2. ) Therefore, the experimental longitudinal sensitivity is given by 
I dcp 
= 
271 
(K1 _ß, K2 _vtK3) Lds, x 
7.7 
The results from the compression tests were used to develop two other 
calibration equations. The relationship between the strains in the optical fibre 
and the applied load can be obtained from elasticity solutions for a rod of 
diameter d, under diametrical compression by a load P (Timoshenko, 1982), 
which is 
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E2-1 (1 _v v2 ) 
2P 
-v'(1 +v')(- 
6P) 
7.8 E 7cd nd 
E3_1 (1 _v'2 )(_ 
6P) 
_v'(1 +v') 
2P 
7-9 
E itd nd 
where E2 and s3 are transverse strains (note: c2 is in direction of loading, E is the 
Young's modulus and v is the Poisson's ratio of the rod, if these equation are 
applied to the problem of the embedded sensor in the unidirectional composite, 
then v is the effective Poisson's ratio of the sensor in the composite, v, which is 
given by equation 7.6. For the optical fibre with a 125 µm diameter embedded in 
the unidirectional composite, this relationship becomes 
E 2=1.213x10 P 
c3 =-2.20x10 P 7.10 
where P is the applied compression load. 
The experimental results (Figure 7.4) show the experimentally measured 
sensitivities are approximately 0.3 rad/N/mm/mm (when 0=00) and 
0.1 
rad/N/mm/mm (when 0=900). The transverse phase sensitivity of the 
polarimetric sensor under compression in these directions (0 =0° and 
0= 90°) 
can be written with the aid of equation 7.10 as: 
1 dpa 
= 
27C 
(1.213x10-4 K2 -2.2x10-4K3) 
7.11 
LdP ?, 
1 dcp 2= 27E (-2.2 x 10-4 K2 + 1.213 x 10-4 K3) 
7.12 
L dP 
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Hence, the parameters K1, K2 and K3 can now be found by solving equations 7.7, 
7.11 and 7.12. The values of K1, K2 and K3 are shown in Table 7.6, together with 
the same parameters for the Bow-Tie type of Hi-Bi fibre (after Sirkis, 1994) for 
comparison. It is clear from Table 7.4 that the parameters for the PANDA fibre 
are smaller than for Bow-tie fibre, which is in good agreement with Tsai et al 
(1991) who found that the PANDA fibre is less sensitive than the Bow-tie fibre. 
Interestingly, both PANDA and Bow-tie fibres are more sensitive to transverse 
strain than longitudinal strain (i. e. K2 and K3 are bigger than K1). 
In summary, then, the complete phase strain relationship for a polarimetric 
sensor made from PANDA Hi-Bi fibre is given by: 
A (p = 
27L J(-0.066£, 
- 0.2045E 2-0.121&3W 
7.13 
In this section, the sensitivity of a polarimetric sensor embedded in a 
unidirectional laminate was presented. The following section shows the results 
for sensors embedded in crossply laminates. 
7.3 Crossply laminate under quasi-static loading 
In this section the results for the testing of the polarimetric sensors embedded 
in 
crossply laminates under quasi-static loading are discussed. 
Mechanical tests 
were performed for loads both below the cracking threshold 
(section 7.3.1) and at 
higher load (section 7.3.2). The fabrication of the specimens was discussed in 
section 5.2. 
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7.3.1 Sensitivity of the polarimetric sensor in a crossply laminate (applied load 
below the cracking threshold) 
The coupons were loaded in the longitudinal direction quasi-statically from 0 kN 
to 6.5 kN, (which is below cracking threshold and corresponds to a longitudinal 
strain of about 0.4%) to investigate the behaviour of the sensors embedded in the 
crossply laminates. The cracking threshold was established previously (see 
section 6.2) and details of the test method used are given in section 5.4.1. The 
optical output and longitudinal strain measured by an extensometer were 
recorded simultaneously and a typical result is shown in Figure 7.5. The upper 
curve shows again the strain increase/decrease with applied load and the lower 
curve shows the expected sinusoidal variation of optical output. The longitudinal 
sensitivity was calculated from data as described in the previous section for 
unidirectional laminates. In contrast to the unidirectional composites where the 
sensitivity was roughly constant (Table 7.1) the sensitivity here was found to 
vary from sample to sample in the range 50 rad/mm to about 160 rad/mm. As in 
the case of the unidirectional specimens, the crossply specimens were sectioned 
perpendicular to the sensor. It is clear from examples of the micrographs of the 
cross-sections (Figures 7.6 and 7.7) that the orientation of the optical fibre rods is 
again different relative to the material axes of the composite from sample to 
sample. For each coupon, the angle between the sensor axes (2 and 3) and 
composite axes (x and y) was determined from the SEM micrographs, the polar 
angle, 0, is defined in the schematic diagram of Figure 7.8. Following the 
procedure of section 7.2, the longitudinal sensitivity was plotted against the angle 
0 and the results are presented in Table 7.4 and Figure 7.9. It is clear, from 
Figure 7.9, that the longitudinal phase sensitivity of the polarimetric sensor 
embedded in the crossply laminates is dependent on the polar angle, 
0. The 
sensitivity at angle 0= 0° is equal to 162±16 rad/mm, which 
is about 3 times 
higher than at 0= 90°, where the value is about 55±16 rad/mm. These values 
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can be compared the value found for the unidirectional composite in section 7.2.1 
of about 48 rad/mm 
Although the main aim of the work presented here is focused on damage 
detection, not on strain measurement, it is important to explain this large 
variation in sensitivity. It has been shown already that for a sensor embedded in 
a unidirectional composite, the longitudinal sensitivity is independent of the 
orientation of the axes of the optical fibre relative to the loading direction (see 
Table 7.1) because the unidirectional composite is transversely isotropic. 
However, a crossply laminate is not transversely isotropic and for a given 
longitudinal strain, Fz, the two transverse strains are different and are given 
(according to the laminated plate theory (Smith et al, 1990; Jones, 1975)) by 
(b + d)v 12E2 Ex = Ez 7.14 
(dEi + bE2) 
and 
Ey =V 12Ez 
7.15 
where the composite axes are shown in Figure 7.8, and the z-axis is the direction 
of loading. E, and sy are transverse strains of the crossply laminate, and V12 is the 
major Poisson's ratio, El and b are Young's modulus and thickness of the 0° ply 
and E2 and d are those of 90° ply. For the crossply coupons made in this project, 
with material parameters from Table 7.3 the relationship between the strains F 
and sy is 
£yý 2E X 
7.16 
Therefore, the transverse strains for the embedded sensor in x and y directions 
are different depending on the orientation of the fibre axes, 2 and 
3 relative to the 
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composite axes x and y and the response of the sensor will also be a function of 
the orientation of the optical fibre, as shown, for example, in Figure 7.10 (a) and 
7.10 (b). 
In section 7.2.2, the complete phase strain relationship for an embedded sensor 
was derived (equation 7.13). This equation can be used to predict the 
longitudinal sensitivity of the sensor embedded in the crossply laminate, for 
which sy 2£X . Two extreme cases 
0= 90° (i. e. Figure 7.10 (a)) and 0= 0° (i. e. 
Figure 7.10 (b)) have been chosen. In these cases, the relevant equations become 
A (p = 
27c J(-0.066E 
Z-0.2045E X-0.1218E , 
)dL 
k 
or 7.17 
1 dcp 
_ 
27u_ 
(K s 2_K 3 
L dgl ' -K2 91 31 
and 
Ag = 
27u j(-0.066s 
Z-0.2045E y-0.1218c x 
)dL 
x 
or 7.18 
1 dg 
= 
27r_ 
(K E3£2 
L ds X' -K2 E- 
K3 E 
The predicted sensitivities for these two angles are 56 rad/mm for 
0= 90°, and 
187 rad/mm for 0= 0°. These are in good agreement with the experimentally 
determined values of 55±16 rad/mm and 162±16 rad/mm, respectively 
(see Table 
7.7). 
In summary, the results of these tests revealed the effect of the anisotropy 
of 
crossply laminate on the sensitivity of a polarimetric sensor. 
Although, the 
112 
Chapter 7 
orientation of the optical fibre in the coupons was impossible to control and 
hence, all possible variations of angle could not be analysed. 
Having established the response of the polarimetric sensor embedded in the 
GFRP crossply coupons before the onset of cracking, the loading regime was 
increased to intoduce the first matrix cracks. The results of these tests are 
discussed in the next section. 
7.3.2 Applied load above the cracking threshold - detection of matrix cracking 
To determine the influence of cracks on the response of the polarimetric sensor 
described in the previous section, quasi-static tests were carried out with loads up 
to 11.5 kN, which corresponds to a strain of approximately 0.7 % which is above 
the cracking threshold. A complication in these quasi-static tests was that many 
matrix cracks initiated and propagated simultaneously. This is typical of the 
behaviour of crossply laminates with thick transverse plies. A typical result of an 
experiment to detect cracking is shown in Figure 7.11. Here, the optical output is 
plotted against the longitudinal strain determined by the extensometer. Initially, 
the characteristic raised sine wave response of the sensor can be seen. Crack 
initiation occurred at a strain of 0.5 % and as soon as the first few cracks passed 
the sensor (at point A in Figure 7.11) the sinusoidal variation of intensity 
disappeared, in other words the fringes became much less visible. It is important 
to note here that the mean level of intensity didn't decrease, which means that 
optical fibre was not itself cracked. 
It is important to speculate about the origin of these results. The rapid decrease 
in visibility of the fringes could be due to mode coupling caused by local stresses 
in the vicinity of the matrix cracks. Mode coupling in single mode Hi-Bi 
fibres 
caused by transverse load or strain has been used for load and strain sensing 
previously (Takeda et al, 1996; Kosaka et al, 1999). Examining the equation 
for 
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the visibility of the fringes (equation 3.42 in section 3.3.4), it is clear how the 
mode coupling affects the visibility. This equation is represented here. 
VVIS 
-I 
max -I min -y 
I 
max 
+I 
min 
sin 2a, sin 28 
1+ cos 2a, cos 26 
7.19 
In this equation, the term y represents mode coupling. If mode coupling occurs, 
the value of y becomes less then unity and approaches zero; as a result the 
visibility of the fringes decreases to zero. 
Changes in the optical output due to the growth of a single crack could not be 
determined because after passing the threshold strain for crack initiation a 
number of cracks propagate very rapidly, and almost simultaneously, with very 
short time intervals between them. Despite this limitation, it is clear that the 
onset of matrix cracking under quasi-static loading can be detected. As will be 
seen in the next section, the growth of individual cracks, can, however, be 
determined under fatigue loading. 
7.4 Crossply coupons with embedded polarimetric sensors under fatigue 
loading 
7.4.1 Phenomenological observations 
The experimental details for the fatigue testing of crossply coupons with sensors 
are described in section 5.4.3. In these tests, the load, strain and optical signal 
were recorded simultaneously. An example of the results recorded with cracks 
growing at a distance from the sensor is shown in Figure 7.12. The 
lower curve 
in this figure shows the mean strain; a small increase in the mean strain 
from 
about 0.255% to about 0.261% occurred here over about 1250 cycles. 
This small 
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increase in mean strain is believed to be due to a combination of creep in the 
coupon, an increase in the compliance of the specimen and an increase in the 
residual strain of the coupon as matrix cracks grow across the coupon and relax 
the residual thermal strains (Bassam et al, 1998). The upper curve on this graph 
is the optical output, showing the expected low-frequency raised sine wave, 
typical of fringes detected using a polarimetric or other interferometric sensor as 
the specimen and hence the sensor slowly elongates. Figure 7.12 suggests that 
there is a higher frequency superimposed on the low frequency of a sine wave. 
Figure 7.13, which shows only 10 load cycles (the frequency is 10 Hz) makes 
clear that this higher frequency corresponds to the testing frequency of 10 Hz. 
The results in Figures 7.12 and 7.13 are for the situation where matrix cracks are 
not yet long enough to be close to the sensor. When a matrix crack approaches 
the sensor, there is a distinct change in the optical signal. An example of the type 
of output recorded as the first fatigue crack approaches and passes a sensor is 
shown by the upper curve in Figure 7.14. It can be seen that up to about cycle 
1500 in this test, the optical output consists of a low-frequency variation in 
optical output with a superimposed testing frequency of 10 Hz, as before. 
However, when the first crack approaches the sensor, additional, intermediate 
frequencies appear and, following Kwon et al (1997) and Tsuda et al (1999), a 
frequency analysis can be used to process the data. Representing the optical 
signal as a series of harmonics, a spectral analysis carried out 
by Fast Fourier 
Transform (FFT) enables the signal due to the interaction of the sensor with the 
crack to be extracted using digital band pass filtering. 
Figure 7.14 shows an example of the raw data (above) and the 
filtered data 
(below) using the FFT filter in the Microcal data analysis of the 
Origin package, 
version 6. The filtering parameters have been set to 
low and high cut-off 
frequencies of 0.08 Hz and 0.15 Hz, respectively for all sets of 
data (a 
description of a computer algorithm of the filtering method used 
in Origin can be 
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found in Numerical recipes, Books on-line: www. nr. com). The identical FFT 
filtered data is shown in Figure 7.15 this time together with the position of the 
first crack measured from the videotape as a function of cycle number as the 
crack grows across the coupon. It can be seen that the new intermediate 
frequencies detected by the filtered FFT data first appear when the crack is 
approximately 0.5 mm from the sensor (the coupon width is 20 mm). Figure 
7.16 shows similar data from another coupon. Again, the normalised crack 
length and the position of the crack relative to the sensor is shown, and it is clear 
that the change in the FFT signal occurs just as the crack approaches and then 
grows past the sensor. Examination of Figures 7.15 and 7.16 suggests that the 
number of cycles over which the intermediate frequencies occur varies from 
specimen to specimen and the duration of the appearance of the intermediate 
frequencies corresponds to the extent of the reduced crack growth rate. It was 
shown in section 6.3 that an optical fibre closer to the 0/90 interface has a greater 
effect on slowing the local fatigue growth of the matrix cracks. 
Figures 7.15 and 7.16 show only the first crack passing the sensor. An example 
where three cracks (labelled cracks 1,2 and 3) grow past the sensor is shown in 
Figure 7.17. Each of the cracks in turn give rise to the same frequencies detected 
by the FFT filtering. As each crack approaches the sensor, so the filtered optical 
signal shows the presence of these frequencies. 
7.4.2 Origin of the observed changes in optical output 
It is usual, when- discussing the response of an interferoinetric sensor in a 
material without damage, to assume that the phase change, and therefore the 
number of fringes, is linearly proportional to the applied strain. A constant strain 
rate manifests itself in a periodically oscillating signal with constant 
frequency. 
In real time measurements, if the strain changes rapidly due to any type of 
damage, the number of fringes per second, or frequency of the cosine modulation 
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of the intensity of the optical output, will change discontinuously; this 
consequence of damage on the optical output has been noted previously (Kwon 
et al, 1997, Tsuda et al, 1999). 
In the present work, the period over which the optical signal changes during the 
fatigue growth of a crack across a coupon corresponds to the period of 
interaction between the growing matrix crack and the sensor and it is important 
to speculate about the origin of this change. The fibre optic sensor has been 
embedded here in the 0° ply of the crossply laminate, close to the 0/90 interface. 
During fatigue loading, the composite gradually elongates due to a combination 
of creep of the specimen under the tension-tension fatigue load, and release of 
the thermal residual strains in the coupon due to matrix cracking. These effects 
would be expected to lead to a gradual change in the optical output. The 
dramatic changes in the optical signal when a 900 ply crack reaches the sensor 
must, therefore, be due to a local interaction between the sensor and the crack. 
It is well known that a 90° ply crack gives rise to a large strain concentration in 
the adjacent 00 plies. This strain concentration has been modelled theoretically 
using numerical or finite element methods (for example, McCartney, 1996 and 
Guild et al, 1993) although no closed-form solutions exist for this problem at 
present. An experimental measurement of the strain concentration has recently 
been carried out using the Raman effect with a Kevlar fibre embedded in the 00 
ply near the 0/90 interface (Arjyal et al, 1998). These results suggest that the 
local strain magnification in the 0° ply immediately adjacent to a matrix crack is 
about 7. Hence, it is tempting to suggest that the frequency change in the optical -- 
output is directly related to this local strain magnification. 
A simple visualisation of this effect for one of the strain components, the 
longitudinal strain, is shown in Figure 7.17 a-c. A crack is propagating from the 
edge of a coupon across the cross-section of 0/90 ply laminate 
(Figure 7.18a). 
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Before the crack reaches the fibre optic sensor (FOS), a small increase in average 
laminate strain occurs, shown in Figure 7.18 (b) as the first part of the strain 
curve, this is due to a change in compliance of the specimen, release of thermal 
residual stresses during fatigue loading and creep of the coupon. A 
corresponding optical output is shown in Figure 7.18 (c) as a slowly varying sine 
curve. When the crack approaches the sensor, an additional stress is transferred 
to the 0° ply and, hence, to the sensor, leading to a local longitudinal strain 
increase (second part of the strain curve in Figure 7.18 (b)). This strain increase 
corresponds to an increase in the number of fringes of the optical output (Figure 
7.18 (c)). After the crack has passed the sensor, the slow variation of the optical 
output due to small increase in average longitudinal strain of the coupon is 
observed again (the third part of the curve in Figures 7.18 (b) and (c)). 
However, such a simple one-to-one correspondence is unlikely. The polarimetric 
sensor is an integrating sensor and therefore, the strain increase is averaged over 
the sensing length in the range 30 mm to 80 mm (mostly around 50 mm). The 
contribution to the overall strain change over this length can be found with the 
aid of the shear-lag expressions. (a) The increase in average longitudinal strain 
due to one crack can be obtained (see section 3.2) as 
ud 
£ 
avr _l' -y 25 EI 
7.20 
where El is Young's modulus of the 0° ply and (71 
is the stress in the 00 ply, 
calculated here using shear-lag analysis (equation- 3.13, section 
3.2). (b) The 
average transverse strain in the x-direction (see Figure 
7.8) was found by 
integrating the expression for the transverse strain, equation 3.14 
(section 3.2), 
over the sensor gauge length. The resulting expression 
is 
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_ rýýbrý 
25 6V 12EZ 
(b + d) 2 (1 _1_ 
(bE, + dE2)X 
25 
fTE 
+d( 
)e )dy 7.21 
2 E, ) (bE, +dE2) E, (b+d) 
(c) The residual thermal strain, averaged over the gauge length of 2L (50 mm), 
released after the formation of one crack was found by combining the equations 
3.15 and 3.16 (section 3.2) and is given by 
_I 
dE2 Aot, hT 
£ `" 25? bE, + dE2 
7.22 
where Aa is the difference between the transverse and longitudinal coefficients 
of thermal expansion and AT the difference between the cure temperature and 
room temperature. 
Thus, the overall factor by which the strain is increased over 50 mm as a result of 
the formation of a single crack is given by the ratio of the strains after cracking 
i. e. E1(aw)+st(ar)+EL to the strain before cracking. This ratio is equal to about 1.45. 
Such a small change cannot explain the observed increase in the frequency of the 
fringes by about a factor of 10. 
However, Figure 18 (a) may be used to suggest an alternative explanation. When 
the growing fatigue crack approaches the sensor, the strain field which was 
previously symmetric around the sensor, becomes asymmetric. This may 
produce a small elastic distortion of the circular cross-section of the fibre. This 
distortion constantly changes during the period when the crack grows passed the 
sensor. Then, after the crack has passed the sensor, the distortion is removed and 
the strain field symmetry is restored. It is possible that the change in the 
observed optical output may be related to this local asymmetric distortion of the 
sensor cross-section. The main experimental observation, which supports this 
hypothesis, is that the change in optical signal corresponds to the period during 
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which the crack growth rate when the crack is within about 0.5 mm of the sensor, 
as the crack both approaches and leaves the sensor. 
7.5 Conclusions 
The sensitivity of an embedded short gauge-length polarimetric sensor made of 
the Hi-Bi PANDA fibre has been measured and it has been shown that in a 
unidirectional composite the sensitivity is similar to that of a free sensor. A 
phase-strain model has been used to determine the characteristic parameters of 
the sensitivity with the aid of tensile and compression loading. The results when 
compared with the published parameters for a Bow-Tie fibre show that PANDA 
fibre is less sensitive than Bow-Tie fibre in agreement with the work of others. 
The longitudinal sensitivity of a polarimetric sensor embedded in a crossply 
laminate was measured under quasi-static tensile loading. The measured 
sensitivity was in good agreement with the sensitivity predicted using the phase- 
strain model for a polarimetric sensor with the parameters determined from the 
tests of the sensor in a unidirectional laminate. These investigations also 
demonstrated the affect of the anisotropy of the crossply laminate on the 
sensitivity of the sensor. 
With regard to damage detection, it has been shown that damage in the form of 
matrix cracking can be detected using a polarimetric sensor embedded in the 0° 
ply of a model crossply composite near to the 0/90 interface under both quasi- 
static and fatigue loading. Under quasi-static loading, the disappearance of the 
optical output fringes corresponds to the matrix cracking threshold. 
Under fatigue loading at low peak cyclic loads, a distinct change in the optical 
output corresponds to the period during which the growing crack is within about 
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0.5 mm of the sensor. This change in the optical output can be detected by using 
a standard FFT band filter. The reasons for the change in the optical output has 
been investigated in terms of average strain changes seen by the sensor as a 
consequence of cracking, but the precise origin of the changes in the optical 
output is not clear at present. 
However, the success of this method of detecting the first fatigue cracks shows 
that an optical system based on a polarimetric sensor could be used for crack 
detection. 
In the next chapter, Chapter 8, the conclusions of the thesis and further work will 
be presented. 
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Tables 
Table 7.1 Longitudinal sensitivity of polarimetric sensors embedded in 
unidirectional laminates. 
Sample Sensitivity, rad/mm Polar angle, ° 
1 50±3 90±5 
2 50±3 10±5 
3 44±3 45±5 
4 46±3 140±5 
5 46±3 35±5 
Table 7.2 Transverse sensitivity of polarimetric sensors embedded in 
unidirectional laminates. 
Sample Sensitivity, rad/mm Polar angle, ° 
I 0.07±0.03 90±5 
2 0.28±0.03 10±5 
3 0.30±0.03 45±5 
4 0.25±0.03 140±5 
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Table 7.3 Material properties relevant to the crossply laminate (after Lee, 1992; 
Boniface, 1993). 
Property Value 
Longitudinal Young's modulus, EZ (GPa) 39 
Transverse Young's modulus, E,, (GPa) 11 
Transverse Young's modulus, Ey (GPa) 11 
Shear modulus, G, ,y 
(GPa) 4.6 
Shear modulus, G,,, (GPa) 5 
Shear modulus, Gy, (GPa) 5 
Poison's ratio, vxy 0.303 
Poison's ratio, v), =- ((b+d)"vxy-E2)/(d"El+b"E2) 
Poison's ratio, v, z 
0.092 
Thermal expansion coefficient, aX(x 10-6/°C) 34.3 
Thermal expansion coefficient, ay(x10-6/°C) 34.3 
Thermal expansion coefficient, aZ(x 10-6/°C) 8.7 
Thickness of 0° ply, b (mm) 1 
Thickness of 90° ply, d (mm) 0.5 
Table 7.4 Material properties of an isotropic sensor (after Sirkis, 1993). 
Property Value 
Young's modulus, E (GPa) 73.3 
Poison's ratio, v 0.154 
Lame constant, Gf (GPa) 30.33 
Lame constant, Xf (GPa) 13.50 
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Table 7.5 Coefficients of the stiffness matrix for an orthotropic material in terms 
of the Young's moduli and Poisson's ratios (from Jones, 1975). (The optical 
axes (1,2,3) are related to the composite axis (z, y, x) in Table 7.3. For a 
unidirectional composite there is no difference between axes x and y or 3 and 2. ) 
C12 V21 +V31V23 
C12 
E2E3A 
C22 1-y13V31 
C22 
El 
L' 3 tA 
C23 V32 +V 12V 31 
_ C23 
E1E2Q 
1-V 
12V21 -V23y32 -V31y13 -2v21y32V13 0 = E1 E2 E3 
Table 7.6 Longitudinal sensitivity of polarimetric sensors embedded in crossply 
laminates. 
Sample Sensitivity, rad/mm Polar angle, ° 
1 140±16 5±10 
2 119±16 12±10 
3 138±16 -5±10 
4 64±16 80±10 
5 162±16 0±10 
6 153±16 0+10 
7 55±16 90±10 
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Table 7.7 Model parameters for PANDA and Bow-tie fibres. 
Fibre K1 K2 K3 
PANDA -0.066 -0.2045 -0.1218 
Bow-tie -0.197 -0.714 -0.618 
Table 7.8 Sensitivity of a sensor embedded into a crossply laminate. 
Angle, Sensor strains in Sensitivity, Sensitivity, 
Degrees relation to rad/mm rad/mm 
composite strains (theoretical) (experimental) 
0 E2 _ Ey 187 162 ± 16 
E3 = Ex 
90 E2 = Ex 56 55 ± 16 
£3 = £y 
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Fig. 7.1 Upper curve showing the strain increase/decrease measured by the 
extensometer during quasi-static test. Lower curve is a sinusoidal variation of the 
optical output. 
Fig. 7.2 An SEM micrograph of the cross-section of a unidirectionally reinforced 
coupon sectioned within the sensor length, showing the orientation of the optical 
fibre stress rods relative to the surface of the coupon. 
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Fig. 7.3 A schematic diagram showing the loading direction and the optical fibre 
axes and defining the polar angle 0. 
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Fig. 7.4 An experimental sensitivity as a function of a polar angle (compression 
tests). Upper curve showing the sensitivity of a Bow-tie fibre (after Sirkis and 
Lo, 1994) and lower curve is that of PANDA fibre. 
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Fig. 7.5 Upper curve showing change in strain measured by the extensometer. 
Lower curve is a sinusoidal variation of the optical output. 
Fig. 7.6 A SEM micrograph showing the orientation of 
the rods of the optical 
fibre relative to the material axes. 
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Fig. 7.7 A SEM micrograph showing the orientation of the rods of the optical 
fibre for another coupon. 
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Fig. 7.8 A schematic diagram showing the optical fibre and the crossply laminate 
axes and polar angle 0. 
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Fig. 7.9 An experimental longitudinal phase sensitivity of a polarimetric sensor 
embedded in a crossply laminate as a function of the polar angle. 
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Fig. 7.10 A schematic diagram showing the orientation of the optical fibre 
relative to the crossply laminate axes: 
(a) the angle of 90° between y-axis of the composite and 2 axis of the fibre 
(b) the angle of 0° between y-axis of the composite and 2 axis of the fibre 
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Fig. 7.11 An optical output as a function of longitudinal strain showing 
disappearance of fringes after the cracks crossed the sensor at point A under 
quasi-static loading. 
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Fig. 7.12 Lower curve showing the small increase in the mean strain of a 
specimen during fatigue cycling (cycles 1500 to 
2750 are shown). Upper curve 
shows optical output over the same period when all matrix cracks were 
distant 
from the sensor. 
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Fig. 7.13 Lower curve showing sinusoidal variation in the applied load over 10 
cycles. Upper curve shows the optical output over the same period. 
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Fig. 7.14 Comparison of the measured optical output (upper curve) with the FFT 
filtered data (lower curve). 
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with the normalised crack length of the first crack growing across the coupon. 
The position of the fibre optic sensor (FOS) within the specimen is also shown. 
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Fig. 7.16 Lower curve shows the FFT filtered data together with the normalised 
crack length (upper curve). 
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Fig. 7.18 A diagram showing the crack propagating across the crossply laminate 
(a) together with corresponding strain change (b) and optical output (c). 
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Chapter 8. CONCLUSIONS AND FURTHER WORK 
8.1 Conclusions 
The model material system used for this work was a transparent crossply (0/90 
ply sequence) E-glass/epoxy laminate with a fibre optic sensor incorporated in 0° 
ply parallel to the reinforcement fibres. This was chosen because the use of 
transparent laminates allows measurements of the formation of matrix cracking 
to be made easily for comparison with the fibre optical output. Furthermore, the 
well-established analytical methods available for matrix cracking in crossply 
laminates enables the changes recorded by the sensor to be interpreted to some 
extent. 
An important issue in the design of a damage measuring system of this type is 
whether the embedded sensor degrades the properties of the composites due to 
its obtrusivity. Finite element models, validated against closed form solutions 
for simple cases, were developed for different positions of the fibre optic sensor 
within the 0° ply. It was shown that the obtrusivity could be minimised by an 
appropriate choice of coating. Furthermore, these results enabled a design curve 
to be constructed which shows the optimum combinations of coating thicknesses 
and Young's moduli. 
Although minimised, it is still possible that the enhanced local stresses around 
the sensor could lead to local matrix cracking in the 90° ply of the laminate or 
the nucleation of delaminations, with a consequent degradation of laminate 
properties. The effect of the presence of passive optical fibres was investigated 
experimentally and it was found that for both optimised and non-optimised 
coatings there was no effect on matrix crack initiation under quasi-static or 
fatigue loading. However, it was found that in fatigue loading with low cyclic 
peak loads, the fatigue crack growth rate of matrix cracks was significantly 
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reduced in the vicinity of the sensor. This effect was more pronounced for 
sensors closer to the 0/90 interface. The interaction between the sensor and the 
growing crack has been discussed in terms of a local stiffening of the 0° ply and a 
consequent reduction in the strain energy release rate for the growth of the crack. 
Having established that there was no detrimental effect of the presence of the 
optical fibre, polarimetric sensors were embedded in both unidirectional and 
crossply composites. Tests on the unidirectional laminates enabled the 
determination of coefficients needed to characterise the sensitivity of a short 
gauge-length polarimetric sensor fabricated using Hi-Bi PANDA fibre embedded 
in a composite. The characterisation required tensile and compression tests and 
the use of an available theoretical phase-strain model. The results show that the 
sensitivity of this Hi-Bi PANDA fibre sensor in a unidirectional composite is 
similar to that of a free sensor. In addition, the sensitivity for the sensor 
embedded in a unidirectional composite was compared with similar published 
results for a Bow-Tie fibre. This comparison showed that the PANDA fibre 
sensor is less sensitive than the Bow-Tie fibre sensor, in agreement with 
published work, and that both sensors are more sensitive to transverse strains 
than to longitudinal strains. 
Having established the sensor sensitivity, the longitudinal sensitivity of the 
sensor embedded in a crossply laminate was measured under quasi-static loading. 
The measured sensitivity was in good agreement with the sensitivity predicted 
using the phase-strain model for the case where a sensor is embedded in the 00 
ply of a crossply laminate. It was shown that the anisotropy of the laminate has a 
large effect on the sensitivity of such a sensor; this effect is related to the angle 
between the optical axes of the sensor and the material axes of the composite. 
With regard to damage detection in the crossply laminate, it has been shown that 
damage in the form of matrix cracking can be detected using the polarimetric 
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sensor embedded in the 0° ply, near the 0/90 interface, under both quasi-static and 
fatigue loading. Under quasi-static loading, the onset of matrix cracking 
corresponds to the disappearance of the fringes in the optical output. Under 
fatigue loading, the first crack can be detected for fatigue at low peak cyclic loads 
by analysing the change of the optical output which occurs when the crack is in 
the vicinity of the sensor, using a standard Fast Fourier Transform filter. The 
observed change in the optical output when the fatigue crack grows past the 
sensor has been discussed in terms of predicted changes in the macroscopic strain 
averaged over the gauge length of the sensor (the polarimetric sensor is an 
integrating sensor). However, at present, the physical origin of the observed 
change in the optical output when the crack grows past the sensor remains 
unclear. 
8.2 Further work 
The following suggestions are made for further work in this area. 
The effect of the anisotropy of the crossply composite laminate on the sensitivity 
of the sensor has been demonstrated, but only for angles close to 0° and 90°. It 
would therefore be useful to examine a wider range of orientations of the axes of 
the optical fibre relative to the material axes in order to determine the variation 
in sensor sensitivity with angle. 
A clear change in the output of the sensor under fatigue loading at low cyclic 
loads was observed when the crack was in the vicinity of the sensor for a testing 
frequency of 10 Hz. It would be very useful to investigate further the response 
of the polarimetric sensor output under fatigue loading, varying, in particular, the 
testing frequency and the transverse ply thickness. 
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Having established that a low-cost polarimetric sensor can be used to detect 
matrix cracking damage, it would be useful to make a prototype of a real-time 
crack detection system based on a polarimetric sensor, real-time FFT filtering, 
with an alarm to detect the changes in the signal. 
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List of equipment 
Laser: He-Ne gas laser, 0.1 mW, class 1, Melles Griot; 
Splicer: standard fusion splicer, Fujikura Europe Ltd; 
Testing machine: Instron servo-hydraulic testing machine 8000 with 2000 software 
upgrade and National Instrument data acquisition card; 
Data logger: PC data logger with software designed by Gay Richadson (University 
of Surrey) 
Extensometer: 50 mm gauge length dynamic Instron extensometer. 
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